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Work  carried  out  under  this  grant  has  led  to  the  development  of  a  technique  for 
scanning  transmission  electron  microscope  of  polymers  which  seems  to  offer 
outstanding  promise  for  the  characterization  of  their  structures.  When  applied 
to  amorphous  thermoplastics,  the  structures  are  found  to  be  homogeneous  down 
to  the  limit  of  resolution  to  the  microscope,  with  no  evidence  found  for  the 
presence  of  nodular  features  or  other  structures  characteristic  of  regions  of 
local  order  in  the  materials.  This  finding  is  in  accord  with  the  results  of 
small  angle  neutron  scattering  studies  of  same  materials. _ Based  on  the  combiner 
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results  of  these  studies,  it  is  suggested  that  the  nodulnr  hypothesis  be  laid 
to  rest  and  that  the  structure  of  flexible  chain  amorphous  polymers  be 
represented  by  models  such  as  the  random  coil.  The  technique  of  microtoming 
bulk  samples  followed  by  staining  with  heavy  metal  atoms  and  viewing  with  Z 
contrast  in  the  scanning  transmission  electron  microscope  has  also  been  used 
with  success  to  characterize  the  structures  of  epoxy  and  polyimide  resins. 
Commercial  polyimide  films  have  been  shown  to  be  homogeneous  on  a  scale  of 
50-200  'A.*,  with  the  scale  and  form  of  the  heterogeneities  varying  through  the 
thicknes^  of  the  film.  The  structure  of  epoxy  resins  presents  a  more 
complicated  issue For  some  resins  and  some  curing  conditions,  heterogeneous 
microstructures  cak\be  observed.  In  these  cases,  the  typical  scale  of  the 
heterogeixeit ies  is  in  the  range  100-200  A.  For  other  epoxy  resins  and  other 
curing  conditions,  however,  substantially  homogeneous  microstructures  are 
produced.  \It  seems,  therefore,  that  the  production  of  heterogeneous  structures 
is  not  a  characteristic  feature  of  thermosetting  resins.  It  also  seems  clear 
that  the  structure  of  the  cured  resins,  as  well  as  their  properties  and 
performance  characteristics  will  depend  in  detail  on  the  resin  and  conditions 
of  cure.  In 'conclusion,  it  appears  that  the  technique  of  high  resolution, 
high  contrast':  electron  microscopy — carried  out  with  the  scanning  transimission 
electron  microscope — is  veritably  in  its  infancy.  The  technique  seems  to 
offer  particular  promise  for  characterizing  the  structure  of  polymers  since  it 
permits  high  contrast  images  to  be  obtained  with  a  minimum  of  electron 
irradiation  and  with  a  permanence  to  the  structural  features.  It  is 
anticipated  that  this  technique  will  find  many  applications  during  the  coming 
decade.  \ 
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1.  INTRODUCTION 
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This  report  summarizes  the  results  o£  investigations  carried  out 
under  AFOSR  grant  77-3226  during  the  period  February,  1977  to  October, 
1980.  The  work  has  already  resulted  in  six  technical  publications, 
copies  of  which  are  appended  to  the  present  report. 

The  discussion  on  the  following  pages  is  intended  as  a  supplement 
to  the  results  described  in  the  papers,  and  will  direct  particular 
attention  to  highlights  of  the  work  and  to  aspects  of  the  work  which 
are  not  discussed  in  the  papers. 

The  work  was  carried  out  under  the  supervision  of  Professors 
D.  R.  Uhlmann  and  J.  B.  Vander  Sande.  The  students  who  have  carried 
out  work  under  the  grant  include:  Miss  M.  Meyer,  who  was  awarded 
an  M.S.  degree  from  MIT  for  work  carried  out  in  the  area;  and  Messrs. 
G.  Di  Filippo  and  and  B.  Jang,  both  of  whom  expect  to  receive  their 
Sc.D.  degrees  during  the  coming  year.  The  activity  has  been  a 
most  stimulating  one  for  both  students  and  faculty;  and  the  principal 
investigators  wish  to  acknowledge  their  gratitude  for  the  support 
of  AFOSR  which  made  it  possible. 
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U.  RESULTS  OF  INVESTIGATIONS,  STRUCTURE  OF  AMORPHOUS  THERMOPLASTICS 

The  most  widely  accepted  model  for  the  microstructure  of  most 
unorientcd  amorphous  polymers  is  that  of  a  random  coil.  This  model  has 
been  widely  used  to  represent  the  properties  of  polymers,  including 
their  elasticity  and  flow  behavior.  Beginning  about  ten  years  ago, 
however,  a  number  of  investigations — based  primarily  on  electron 
microscope  observations — cast  doubt  on  the  random  coil  model.  The 
essential  and  surprising  feature  of  these  results,  which  are  summarized 
in  Ref.  1,  was  the  observation  of  heterogeneities  (present  in  large 
volume  fractions)  in  nearly  all  amorphous  polymers  examined.  These 

O 

heterogeneities,  termed  nodules,  were  observed  on  a  scale  of  30-200  A. 
Their  observation  was  taken  as  strong  evidence  against  the  random  coil 
model  and  strong  support  for  the  existence  of  local  order  in  the 
materials.  The  degree  of  order  was  suggested  as  intermediate  between 
that  of  a  random  coil  and  that  expected  for  a  crystalline  structure. 

A  forceful  defense  of  the  random  coil  model  and  a  recapitulation 
of  its  utility  for  describing  the  properties  of  amorphous  polymers  was 
presented  by  Flory  (2).  As  he  noted,  the  observation  of  heterogeneities 
in  glassy  polymers  stands  in  contrast  with  the  success  of  the  random 
coil  model  in  representing  many  of  the  properties  of  these  materials. 
Further,  the  occurrence  of  nodular  structures  is  difficult  to  reconcile 
with  the  results  of  studies  of  small  angle  neutron  scattering  (3,  4,  e.g.) 
and  small  angle  X-ray  scattering  (5,  6,  e.g.)  from  several  of  the 
same  polymers. 


Small  angle  neutron  scattering  indicates  radii  of  gyration  for 
the  bulk  polymers  which  agree  within  experimental  error  with  the 
dimensions  of  the  chains  in  theta  solvents  (which  are  widely  agreed  to 
be  those  of  a  random  coil).  The  small  angle  X-ray  scattering  (SAXS) 
studies,  carried  out  by  the  principal  investigator  and  by  Professor 
Fischerin  Germany,  are  inconsistent  in  both  the  magnitude  and  angular 
dependence  of  the  SAXS  intensity  with  the  presence  of  nodular  structures 
as  representative  of  the  bulk  material. 

In  work  supported  by  the  AFOSR  grant,  transmission  electron 
microscopy  was  carried  out  on  amorphous  polycarbonate,  polystyrene, 
polyethylene  terephthalate  and  polyvinyl  chloride.  Appropriately  thin 
samples  of  these  polymers  were  cast  from  solutions  using  the  same 
techniques  as  those  employed  in  studies  where  nodular  structures  were 
reported. 

For  all  four  polymers,  the  structures  were  featureless  down  to  the 
limit  of  resolution  of  the  electron  microscope.  No  evidence  was  found 
in  either  bright  field  or  dark  field  for  nodular  features.  Series  of 
through-focus  electron  micrographs  showed  the  absence  of  observable 
structure  in  the  in-focus  micrographs,  and  indicated  that  apparent 
structure  could  be  developed  in  the  micrographs  by  going  to  under-focus 
or* over- focus  conditions  (7). 

O 

These  results  suggested  that  the  fine-scale  (less  than  30  A)  apparent 
structure  seen  in  some  previous  investigations  could  reflect  the  use  of 
electron  microscopes  of  insufficient  resolution  or  the  lack  of  proper 
focus  in  taking  the  micrographs.  To  explain  the  observations  of  larger 
nodules,  other  rationales  seem  required  (e.g.,  the  nodules  may  represent 
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surface  rather  than  bulk  features  of  the  polymers)  . 

The  combined  weight  of  these  studies  led  to  the  conclusion  that  the 
structure  of  amorphous  thermoplastics  should  be  represented  by  random 
array  models  such  as  the  random  coil.  At  the  1979  Faraday  Discussion, 
it  was  suggested  by  the  principal  investigator  (8)  and  by  Flory  (9) 
that  the  controversy  concerning  local  order  in  amorphous  thermoplastic 
polymers  could  be  laid  to  rest  and  that  attention  should  now  be  directed 
to  more  fruitful  areas. 


an-jr*.  ■■w.arayaraw arg 


III.  SCANNING  TRANSMISSION  ELECTRON  MICROSCOPE  OF  POLYMERS 


The  observations  on  amorphous  polymers  described  in  previous 
sections  were  carried  out  using  a  'Vacuum  Generators  HB-5  Scanning 
Transmission  Electron  Microscope.  Considerable  attention  was  directed 
during  the  period  of  the  grant  to  developing  techniques  for  using 
this  instrument  to  elucidate  the  structural  features  of  polymeric 
materials.  •  The  capabilities  of  the  STEM  in  this  regard  will  be  discussed 
in  the  present  section. 

Several  types  of  STEM  are  currently  in  use;  they  can  be  divided 
into  roughly  three  categories  based  on  origin  and  philosophy  of  design. 
First  are  the  "dedicated"  STEM's,  pioneered  by  Crewe  and  his  coworkers 
(10),  which  use  a  field-emission  electron  gun  housed  in  the  ultra-high 
vacuum  system.  A  conventional  TEM  may  also  be  equipped  with  a  scanning 
attachment  and  an  electron  detector  and/or  spectrometer,  yielding  what 
may  be  referred  to  as  a  TEM(S).  Finally,  in  practice  an  SEM  may  be 
fitted  with  a  transmission  stage;  in  this  case  the  designation  SEM(T) 
may  be  most  appropriate. 

In  all  three  cases,  the  basic  mode  of  operation  is  identical.  An 

O 

extremely  fine  probe  of  electrons,  ideally  2  to  3  A  in  diameter,  is 
scanned  across  the  specimen,  which  is  in  the  form  of  a  thin  foil. 

Various  products  of  the  electron-specimen  interaction  are  then  collected 
and  used  for  image  formation  or  microanalysis  (see  Fig.  1).  The  electrons 
which  have  passed  through  the  sample  and  have  either  been  forward- 
scattered  with  no  change  in  energy  or  direction,  inelastically  scattered, 
or  elastically  scattered  can  be  collected  by  some  type  of  electron 
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detector  and  used  to  modulate  the  intensity  of  a  cathode-ray  tube, 
forming  an  image  of  the  internal  structure  of  the  material. 

Fig.  2  is  a  schematic  ray  diagram  of  the  electron-optical  column 
of  a  dedicated  STEM,  the  Vacuum  Generators  (V.G.)  HB-5.  The  electron 
source  is  a  cold  cathode  field-emission  gun  located  at  the  base  of 
the  column.  The  gun  is  housed  in  an  ultra-high-vacuum  system,  with 
pressure  <  2  x  10  ^  torr,  necessary  for  reliable,  noise-free  operation 
and  long  lifetime  of  a  cold-cathode  field-emission  tip. 


P'f»f  fr<vi*. 
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Kig.  1.  Possible  products  of  interaction  of  electron  beam  wilh 
crystalline  sample 


Fir.  2.  I ’.tv  diarram  show  inn  important  column 
elements  nml  electron  ray  path  for  V.C.  STKM 
in  normal  inapinp,  mode.  Note  position  of 
annul  ar  del  eel. or. 


The  electron  beam  thus  produced  is  then  accelerated  to  a  maximum 
of  100  kV  potential.  Two  electromagnetic  lenses  demagnify  the  electron 

O 

source  to  a  final  probe  diameter  as  small  as  3  A  at  the  specimen,  and  a 
set  of  double  deflection  electromagnetic  coils  scan  this  probe  orthogonally 
across  the  specimen.  An  annular  detector  is  situated  to  collect  the 
electrons  scattered  through  angles  0.02  rad  0  <_  0.2  rad,  while  the 
forward-scattered  and  inelastically  scattered  electrons  pass  through  the 
center  of  this  detector.  These  electrons  are  collected  by  the  electron 
spectrometer-bright-f ield  detector  assembly  at  the  top  of  the  instrument. 

The  spectrometer  allows  electrons  of  a  selected  energy  to  pass  into  the 
bright-field  detector,  which  produces  an  image  comparable  to  the  bright- 
field  image  in  a  TEM  (when  "unsacattered"  zero-loss  electrons  are  detected). 
The  annular  detector  in  the  STEM  collects  the  bulk  of  the  elastically 
scattered  electrons.  Since  the  annular  detector  is  nearly  100%  efficient 
in  collecting  elastically  scattered  electrons,  compared  with  conventional 
TEM,  dark-field  images  can  be  obtained  with  a  minimum  electron  dose, 
especially  when  the  beam  scanning  is  carefully  controlled.  In  addition, 
for  the  annular  detector  the  contrast  mechanisms  which  are  most  important 
in  polymeric  materials  are  maximized,  i.e.,  thickness  contrast  and 
atomic-number  contrast. 
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A.  The _ Theory  of  High  Contrast  I  mug  i  ng 

Consider  a  thin  polymer  film  where  one  phase,  or  one  class  of 

microstructural  feature,  has  been  lightly  stained  with  a  heavy  element 

such  as  U  or  Os.  if  a  total  of  N  electrons  is  incident  on  the  specimen, 

then  N  electrons  will  be  elastically  scattered,  N.  will  be  inelastically 
e  in  J 

scattered,  and  N  (=  N-N  -N.  )  will  be  unaffected  by  the  sample.  Theoretical 
o  e  in  r 

scattering  cross-section  calculations  have  been  made  by  Lenz  (33)  and  these 
calculations  can  be  simplified  to  yield 
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for  a  thin  sample  where  Z  is  the  atomic  number,  V  is  the  accelerating 

voltage,  is  the  cross-sectional  area  of  the  electron  beam,  and  n 

is  the  number  of  atoms  in  the  beam.  Also,  o  and  o,  are  the  elastic 

e  in 

°2 

and  inelastic  scattering  cross-sections  with  the  units  of  A  . 

Elastic  scattering  occurs  at  large  scattering  angles  (50  to  lOOmr) 
compared  to  the  convergence  angle  of  the  illumination  (20  nr) ,  so  that 
most  elastically  scattered  electrons  are  scattered  outside  the 
cone  of  illumination.  The  inelastic  scattering  process,  on  the  other 
hand,  is  such  that  the  angles  of  scattering  are  small  (1  mr) ,  and  most 
inelastically  scattered  electrons  stay  within  the  illumination  cone 
(see  Fig.  1).  Since  the  annular  detector  (see  Fig.  2)  subtends 
several  hundred  mill  1  radians  while  the  hole  in  the  detector  allows 


electrons  which  subtend  20  mr  or  less  to  pass  through,  this  detector 


measures  predominantly  Nfi. 

The  electrons  that  pass  through  the  hole  in  the  detector  can  be 
separated  into  the  two  components  Mq  and  by  means  of  the  electron 
spectrometer.  Clearly,  from  Equations  (1)  and  (2),  =  Z/19  and  this 

relation  is  independent  of  specimen  thickness  or  the  energy  of  the 
electron  beam  to  a  first  approximation. 

Before  attempting  to  quantitatively  assess  the  application  of  these 
techniques  to  polymer  microstructures,  it  may  be  wise  to  "step  back"  and 
qualitatively  describe  a  scenario  for  image  enhancement.  Consider  a 
simplified  polymer  sample  consisting  of  carbon  (C)  atoms  only,  where  a 
"second  phase"  exists  which  can  be  lightly  "stained"  with  a  few  uranium 
(U)  atoms.  Now  consider  two  columns  in  a  thin  section  of  the  polymer, 
one  column  contains  only  C  atoms,  the  other  column  contains  only  the 
"second  phase"  with  associated  U  atoms.  In  a  divided  image  (taking 
the  elastic  image  and  dividing  it  by  the  inelastic  image,  Ne/N^n> ,  the 
contrast  (=  AI/I,  where  I  is  intensity)  for  these  two  columns  will  be 
proportional  to 


V19  -  V19 
V19 


6/19 


14.33 


a  very  large  contrast  number. 

A  slightly  more  sophisticated  approach  might  assume  that  in  the 
second  phase  one  out  of  every  100  atoms  is  U,  i.e.,  nr/n  =  .01. 

v  U 


Then  for  the  second  phase 
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for  the  matrix 
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where  n  =  the  number  of  carbon  atoms  in  the  beam 

v 

n^  *  the  number  of  uranium  atoms  in  the  beam  and  the  other 
parameters  have  been  previously  described. 

Now,  for  a  divided  image,  the  second  phase  is 
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for  the  matrix 


Using  the  definition  of  contrast 
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and  substituting  n  =  .01  n 
u  c 


far  in  excess  of  the  5%  considered  necessary  for  visibility.  Thus, 
divided  images  of  the  type  described  above  for  very  lightly  stained 
polymers  will  yield  contrasty  images  capable  of  elucidating  the 
polymer  microstructure. 

B.  Radiation  Damage  in  Polymers 

The  ability  to  characterize  the  state  of  inhomogeneity  of  such 
epoxies  represents  a  major  step  forward  in  the  application  of  electron 
microscopy  to  the  microstructural  analysis  of  polymers.  It  has  opened 
opportunities  for  characterizing  the  microstructures  of  polymers  as 
functions  of  process  history,  including  cure  conditions,  stress 
applied  to  the  samples,  and  the  general  thermomechanical  history  of  the 
specimens.  Certainly,  the  presence  of  such  heterogeneities  in  partially- 


cured  epoxies  has  important  implications  for  the  use  of  these  materials 
in  high  performance  application.  Also  important,  however,  is  the 
potential  for  "seeing  things"  in  polymers  that  could  not  be  seen  with 
any  other  technique. 

In  the  present  work,  a  combined  technique  has  been  developed  for 
studying  polymers.  This  technique  includes  ultra  microtomy  of  the 
polymers,  followed  by  staining  of  the  resulting  thin  sections  with 
heavy  metal  ions  and  viewing  with  Z  enhancement  in  the  STEM.  The 
combination  of  staining  thin  sections  with  heavy  metal  salts  and 
viewing  with  Z  enhancement  in  the  scanning  transmission  electron 
microscope  seems  to  provide  the  capability  of  characterizing  with 
confidence  the  structural  features  of  polymeric  materials.  As  used 
in  the  present  studies,  with  staining  by  heavy  metal  ions,  it  has 
been  possible  to  elucidate  the  structure  of  a  broad  range  of  resins 
with  a  clarity  that  is  not  possible  using  transmission  electron 
microscopy  of  unstained  samples  and  with  a  confidence  that  is  usually 
not  possible  using  replication  electron  microscopy. 

Since  the  technique  employs  microtomed  sections,  it  offers  the 
possibility  of  characterizing  the  structure  of  bulk  polymers.  Based 
on  experience  in  our  laboratory,  the  process  of  ultramicrotomy  requires 
considerable  care  to  avoid  introducing  artifacts  (chatter  marks, 
crazing,  etc.)  in  the  thin  sections;  but  once  mastered,  the  technique 
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can  be  used  routinely  and  efficiently.  Use  of  the  heavy  metal  stain 
not  only  provides  increased  contrast  for  viewing  structural  features, 
it  also  provides  increased  permanence  to  the  features  on  viewing  in 
the  electron  microscope.  That  is,  while  short-range  molecular 
rearrangements  induced  by  the  electron  irradiation  can  wipe  out 
structural  features  such  as  crystals  at  modest  radiation  doses, 
relatively  long-range  diffusion  of  the  stain  is  required  to  wipe  out  the 
perception  of  the  structural  features  in  stained  polymers;  and  this 
requires  substantially  higher  radiation  doses. 


j 
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IV.  STRUCTURE  OF  [’OLYtMLDK  AND  M'OXY  RESINS 

In  work  carried  out  under  the  present  grant,  the  feasibility  of 
using  heavy  metal  atoms  as  stains  and  combining  the  corresponding  bright 
field  and  annular  dark  field  images  of  a  specimen  to  provide  greatly 
enhanced  contrast  has  been  explored.  Uranyl  acetate  has  now  been  used 
successfully  as  a  staining  agent  for  a  number  of  thermosetting  polymers, 
including  epoxies  and  polyimides.  Although  the  selectivity  of  staining 
of  the  different  regions  is  small,  suitable  contrast  can  be  developed 
by  the  Z  contrast  technique  described  above,  which  involves  combining 
the  bright  field  and  annular  dark  field  images  of  the  sample. 

Results  obtained  in  this  way  are  shown  in  Fig.  3  for  an  Epon  812 
epoxy  resin  cured  with  NMA,  DDSA  and  BDMA  at  70°C  for  2  hours.  Without 
the  use  of  uranyl  acetate  as  a  staining  agent,  the  microstructure 
appears  homogeneous.  That  is,  the  differences  in  density  between  the 
regions  of  the  specimen  and  the  lack  of  structural  order  produce 
insufficient  contrast  for  structural  features  to  be  discerned  in  the 
electron  microscope.  With  uranyl  acetate  staining  but  without  the 
heightened  image  contrast  provided  by  the  Z  contrast  technique  of  the 
STEM,  structural  inhomogeneities  are  perceived;  but  their  character¬ 
istics  cannot  be  resolved  with  confidence.  Using  uranyl  acetate  as 
a  staining  agent,  and  combining  the  bright  field  and  annular  dark 
field  images,  the  inhomogeneous  microstructure  of  this  cured  epoxy 
is  apparent. 

Difficulties  associated  with  electron  irradiation  damage  in 
polymers  have  reduced  the  effectiveness  of  electron  microscopy  in 
many  polymer  resear A  areas.  The  M.I.T.  STEM  has  been  designed  to 
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optimize  its  capabilities  for  accomplishing  low  dosage  electron 
microscopy  while  maintaining  excellent  resolution.  This  has  been 
done  by  equipping  the  microscope  with  a  scan  converter  (image  storage 
device)  that  allows  images  to  be  stored  after  which  the  beam  is 
diverted  from  the  sample,  thereby  eliminating  additional  radiation 
damage.  The  operator  of  the  instrument  can  then  interact  with  the 
scan  converter  to  choose  a  small  area  in  the  stored  image  to  be 
used  for  magnification  change,  focusing,  aberration  correction,  etc. 
This  area  is  then  scanned  by  the  beam  to  accomplish  these  corrections. 
An  unirradiated  area  is  then  chosen  (this  area  existed  on  the  original 
stored  image)  and  that  area  is  photographed  with  a  scan  of  the  area. 

In  short,  a  high  quality  image  of  an  area  can  be  obtained  with  only 
two  scans  of  that  area.  The  first  scan,  done  at  low  magnification 
and  therefore  low  electron  dosage,  produces  the  stored  image.  The 
second  scan,  of  a  selected  area,  provides  the  final,  hard  copy. 

Two  scans  are  considered  to  be  the  lower  limit  in  dosage  to  produce 
a  hard  copy  of  a  quality  image. 

The  scale  of  the  inhomogeneities  seen  in  Figure  3  is  similar  to 
that  inferred  from  small  angle  X-ray  scattering  (SAXS)  studies  of  the 
same  epoxy  resin  cured  under  the  same  conditions.  This  SAXS  work 
is  described  in  detail  in  the  appended  paper  from  the  Journal  of 
Polymer  Science.  As  indicated  there,  the  small  angle  X-ray  scattering 
(SAXS)  from  an  Epon  812  and  two  Epon  828  (one  amine-cured  and  one 
anhydride-cured)  epoxy  resins  has  been  measured  using  a  Bonse-Hart 
system.  The  data  cover  the  angular  range  (20)  between  20  sec  and  60 
min.  After  correction  for  absorption,  background  3nd  vertical  beam 


19. 


divergence,  they  have  been  placed  on  an  absolute  basis  by  comparison 
with  the  scattering  from  a  previously  studied  polycarbonate  sample. 

The  corrected  absolute  intensity  decreases  strongly  with  increasing 
angle  between  20  sec  and  2  min,  decreases  more  gradually  between 
2  and  20-30  min,  and  reaches  a  nearly  constant  asymptotic  value  at 
larger  angles.  The  magnitude  of  the  intensity  in  the  constant-intensity 
region  is  close  to  the  value  predicted  by  thermodynamic  fluctuation 
theory  for  fluids  applied  at  the  glass  transition  temperature.  The 
increase  in  intensity  at  angles  smaller  than  20-30  min  is  associated 
with  heterogeneities  in  the  cured  resins.  These  heterogeneities 

O 

cover  a  range  of  sizes  in  all  samples,  from  less  than  100  A  to  more 

O 

than  1000  A,  with  the  most  frequently  occurring  size  in  the  range  100- 
200  A. 

As  further  examples  of  the  combined  techniques  of  microtoming, 
staining,  and  viewing  with  Z  contrast  in  the  STEM,  a  series  of 
investigations  were  carried  out  on  polyimide  films.  Particular 
attention  was  directed  to  commercial  polyimide  films  such  as  du  Pont's 
H  film.  In  all  cases,  the  film  was  microtomed,  stained  with  uranyl 
acetate,  and  examined  using  the  Z  contrast  STEM  technique.  In  all 
cases,  the  structure  was  seen  to  be  markedly  heterogeneous  on  a  scale 

O 

of  50-200  A.  The  scale  and  detailed  form  of  the  structure  was 
observed  to  vary  continuously  through  the  thickness  of  the  film — 
very  likely  reflecting  the  solvent  casting  procedure  used  in  its 
manufacture.  The  presence  of  such  heterogeneities  has  important  • 


implications  for  the  performance  of  these  materials,  particularly  in 
applications  which  depend  on  the  permeability  of  a  substance  such 
as  water  through  the  films. 


V.  CONCLUDING  REMARKS 

As  indicated  in  the  preceding  sections,  work  carried  out  under 
the  present  grant  has  led  to  the  development  of  a  technique  for  scanning 
transmission  electron  microscope  of  polymers  which  seems  to  offer 
outstanding  promise  for  the  characterization  of  their  structures. 

When  applied  to  amorphous  thermoplastics,  the  structures  are  found  to 
be  homogeneous  down  to  the  limit  of  resolution  to  the  microscope,  with 
no  evidence  found  for  the  presence  of  nodular  features  or  other 
structures  characteristic  of  regions  of  local  order  in  the  materials. 

This  finding  is  in  accord  with  the  results  of  small  angle  X-ray 
scattering,  wide  angle  X-ray  scattering  and  small  angle  neutron 
scattering  studies  of  the  same  materials.  Based  on  the  combined  results 
of  these  studies,  it  is  suggested  that  the  nodular  hypothesis  be  laid 
to  rest  and  that  the  structure  of  flexible  chain  amorphous  polymers 
be  represented  by  models  such  as  the  random  coil. 

The  technique  of  microtoraing  bulk  samples  followed  by  staining 
with  heavy  metal  atoms  and  viewing  with  Z  contrast  in  the  scanning 
transmission  electron  microscope  has  also  been  used  with  success 
to  characterize  the  structures  of  epoxy  and  polyimide  resins.  Commercial 
polyimide  films  have  been  shown  to  be  homogeneous  on  a  scale  of  50-200 
with  the  scale  and  form  of  the  heterogeneities  varying  through  the 
thickness  of  the  film.  The  structure  of  epoxy  resins  presents  a  more 
complicated  issue.  For  some  resins  and  some  curing  conditions, 
heterogeneous  microstructures  can  be  observed.  In  these  cases,  the 

O 

typical  scale  of  the  heterogeneities  is  in  the  range  100-200  A. 
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For  other  epoxy  resins  and  other  curing  conditions,  however,  substantial¬ 
ly  homogeneous  microstructures  are  produced.  It  seems,  therefore,  that 
the  production  of  heterogeneous  structures  is  not  a  characteristic 
feature  of  thermosetting  resins.  It  also  seems  clear  that  the 
structure  of  the  cured  resins,  as  well  as  their  properties  and  performance 
characteristics  will  depend  in  detail  on  the  resin  and  conditions  of 
cure. 

In  conclusion,  it  appears  that  the  technique  of  high  resolution, 
high  contrast  electron  microscopy — carried  out  with  the  scanning 
transmission  electron  microscope — is  veritably  in  its  infancy.  The 
technique  seems  to  offer  particular  promise  for  characterizing  the 
structure  of  polymers  since  it  permits  high  contrast  images  to  be 
obtained  with  a  minimum  of  electron  irradiation  and  with  a  permanence 
to  the  structural  features.  It  is  anticipated  that  this  technique 
will  find  many  applications  during  the  coming  decade. 
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(n  fotr>.it  ion  on  1 1 « ■  sMii-fure  of  flu  <>«»  v.u  lens  scales  Is  reviewed. 

Particular  attention  Is  directed  to  rod*’ Is  used  to  represent  the  structure 
cf  glass,  and  to  the  results  cf  various  del  or  •».  leal  Ions  of  glaw.  structure. 
Attention  Is  dltctCc.l  to  both  oxide  un.l  p<»  l  r  pi  asses.  It  Is  suggested 
that  r  aiuicn  an  ay  redo  Is  seer  to  provide  the  lot  description  cf  structure  for 
most  glasses,  but  that  the  arrays  iu.iv  consist  of  units  larger  tl»an  the  basic 
structural  units  of  tin*  materials. 

INTRODUCTION 

Early  controversies  between  prop. si.  i-t  s  of  tl  crystal  llte  and  random  network 
ffodo ! s  of  oxide  glass  structure  win-  g*ncr.*ll\  decided  Iji  favor  of  the  random 
network  model,  based  largely  on  the  a  i  g  inx-nl  >•  advanced  by  Warren  (1,  e.g.) 
considering  both  the  breadths  of  the  wide  angle  diffraction  maxima  and  the 
absence  of  very  pronounced  X-rnv  s- •  altering  M  small  angles. 

Because  of  the  wide  accept  .wee  of  the  r.mdon  mt  work  model,  it  came  as  a  great 
surprise  to  many  when  electron  micros** pe  studies  of  a  number  of  glasses 
Indicated  the  presence  of  hetemgen*  I  ties  on  a  scale  of  50-2*X>  A.  The  het**to- 
gpiiritlt‘6  were  present  In  large  volume  fractions  (in  the  range  of  501),  and 
were  seen  tn  both  single  c'mpnniitt  and  mul t  t .  o,,ip«*neni  gl. esses,  using  both 
replication  and  direct  transmission  electron  microscopy. 

The  phenomenology  of  phase  separation  in  oxide  glasses  has  been  reviewed  by  a 
number  of  authors  (2,  1,  e.g.).  Ml  r  ro*  1 1  net  ur*  '•  consisting  of  discrete  second- 
phase  particles  are  generally  seen  mar  the  boundaries  of  miscibility  gaps 
(volume  fractions  nl  second-phase  ructl.il  less  than  15-20*4),  while  inter¬ 
connected  tnlcrost rue t ui es  are  often,  but  nut  Invariably,  observed  in  the 
central  regiono  of  miscibility  paps. 

In  many  glass-forming  systems,  can  mote  .opiplex  phase  arrays  can  he  produced 
09  a  result  of  liquid-liquid  imrls. Ibf M ty .  It  has  been  demonstrated,  for 
example,  that  a  multiplicity  of  amorphous  ph.v-os  can  be  produced  by  appropri¬ 
ate  hrnt  treatment  of  v.u  lous  tempo  . 1 1 1  mis  (»,  e.g.),  and  that  secondary  phase 
separation  is  a  phenomenon  of  potential  importance  In  many  glasses  (5,  6,  e.g.) 

fantJ.in  should  bp  oi.t* -I  sod  In  lnf.it  lug  t  »*.•  r.ihintsm  of  phase  separation 
from  the  form  of  tin*  observed  strut  lutes.  It  h,v«  he.  n  noted,  for  example, 
that  Interconnected  ml c rout ructures  can  be  pt.«iu«ed  by  the  formation,  growth 


and  «<■•!*  sc<  »u  c  of  discrete  %v-  onJ-pha-  ■  p.utlife*  (7»  e . p, )  .  t  r  that  d  f  r  ♦  I  •  • 

;  »:  lilt  st  ruct  tires  can  he  product  d  hy  hen  m.  ifnent  ol  i-.i»  i-  ucd 
struct m  i  s  (7,  R,  e.g.),  It  hi*:  .1  o  hoi  n  nnt.d  th.it  i  in  I  i  »**ii  ,  (  the  |o**Hi;,* 
h  i  gl  er-.  iiier  nonlinear  terms  In  tic  thior>  <*i  -pined  it  «!.  i  'i  j'l-.n  l<<n  K.iJ..  to 
a  hti.il  up  i»f  the  Interconnect  lvi  tv  seen  In  tl  .  »  irly  si  m*  ,  llm.ii  treatment. 

I  I  .  n  .  -a_  iUHt  i  |  l'j  t 

In  .in  .il  i  t.idv-c }  ass  1  c  paper*  M*zgi  and  Ihitren  (  J)  used  1 1  ■«  i«<lmlquc  of 
f  i  •n,i  »■ •*  • t'lice  excitation  to  elininitc  <  -.ipti-.i  s«  altering,  and  obtained  reli¬ 
able  ilit  a  out  to  large  values  of  ..fn'*/1.  7h*.  v  |  •-»/»*!  t  bo  run  !/>r«  Hi  fvork  i»*-dt  \ 

to  provide  the  K  *t  representation  of  t  h  •  *.ti  trtuie  of  rl  i  y  S10_;  anJ  they 

detctRiimJ  that  tW-  essential  stru.tut.il  r.n  1.«h  ss  of  i!-<  ■  ,s  resulted  h*th 

from  a  v  if  1  jt  loti  In  ?1*0-S1  bond  angles,  whuh  I  *•  not  i*  1  *.  ’  i  «  1<  t  than  th  »l  >  1 
.tvstalllnc  pu I yr orphs  of  SiO^,  os  u«ll  a*:  ft  ill*.tr1\  M-.n  of  rotatlin 

incite  ».*f  one  tef  i  .dic'd  r  on  with  respect  to  m  .di-icint  t<tr  .1  *  Iron. 

Moral  it -I  M.irren  originally  suggested  a  n.-  ut  St-i'-Sl  aiu.i*"  I  anout  144*. 

Fe-au  ,]  v  ••  i  ;  of  1 1  I  data  by  Silva  tl  nl  .  (  1 « *  >  «.i  -  U«t«  I  di  If  •rent  damping 

f.n  ter:  and  suggiStcd  a  mean  S I  -t»- S 1  angle  of  1  t  l  .  S-l  S’.’ .  .  ^uh  •  jumt  c-nik 

bv  ihlrmn  and  UlrVs  (11),  who  also  idered  different  il  of  the  d.orrlnp 

fa- tor,  sugr.f>.t  ed  a  moan  Sf-O-Sf  angle  of  147*.  This  u  as  ba>«d  on  a 

di-ping  factor  •  «>.  The  distribution  of  tntnt1*n  angli*-  *i  "lie  i  el  r  .died  i  *n 
••It'  re  fetl  to  .mat her  was  found  to  he  r.*u-Vi.  Chit  I*.,  n  ivid.rue  wo  fo  >* 

f  t  the  edre  *og|  o-:  1 1  C“f  arc  orlem  H  *n‘  of  t.tr.ihedra  >Mli  ire  conm'nly  s  •  «  n 

in  t  ..t  .tl  I  l  tie  si  1  icates. 

lr  tl.  i.e  of  «•  >,,  It  has  been  found  (11,  Id)  that  the  ■*  i  >i  i  ( (nit  ion  of 

I-** * •'  1  i  angles  lr  the  glass  Is.  inarlv  >.  s.l«  »t>.  i,  that  In  th,  rrv.-tal.  Il  vas 

■  n  il  t’»  »t  |»..  essential  urm  turil  randori.,  -s  of  >l,i-«y  t  eO^  results 
f  r  ii*  >  r  in  I'-  I*  r  1 1  hut  I  on  ol  rotation  .ingle*.  -  I  one  tnmhidtin  with  n  *|i  it 
t*«  an  Maicnt  t  et  i  ah«  dron  . 

M.v  ir  i  I'htrnaun  (11,  13)  also  found  tfiat  the  random  net*  ■  iV  m.-ael  ptu‘-l de  I 
ff-  ht  .1  t  ep«  rsi'iu  at  Ion  of  the  stfotuic  of  ,  rnrhi-r  .1  -Ingl  phase  nl»  di 

» 1 1 1  <  .  » .  gl  a  .*•  .  S-'ne  evi  de»u  i  v  i  I  ■  •  t  *.  i  •  «1 ,  h.  .*■ . «  r  ,  In  t '  *  y  »!  r  I  tig  of  a  IV  .it  I 

(•••  lr  the  sit*:,  ture.  Evidence  far  p.ffrfn/  •  h»  e«  gi>  \)*'  il  by  othir 
difti*  ilm  -ul:.  .  of  mnl  t  ( t  oirp  nert  tfl;.  i  Jisiu  ..*d  In  the  exiell*"*t 

t  •  \  ' .  •*  f  this  md  other  aspects  of  the  Mru-iurc  *f  i  ^  l.l*  il.i«*.ns  l»y  fctal- 
v-  hit  I1-). 

r*.he?  i  >i  krt  i  Is.r.  c  IriCe  rpreled  dilira  lion  «l  il  a  on  th*  s»*  gl  using 

modi  |  I'd  .  ivsialllte  models  (l^,  t* .  r  . )  .  Sui  port  for  the  r-irul  m  network  r«»dcl 


to 

has,  however,  been  ptovldod  by  a  s»i  '  o!  » ■  1 1  .ingle  X-ray  scattering 
studies  (16-19,  c.g.).  For  both  S!<\  and  an  nsymptot  1  r  small  angle 

Intensity  Is  observed,  whose  m.ir.n  1 1  «• !.-  in  within  a  I  ac  tor  r*  l.S  ol  that  pre¬ 
dicted  from  thetmod>n,tml  c  fluctuation  theory  for  thctit.il  density  fluctuations 
liozen-ln  at  the  glass  transition.  Ihese  fin. lings  provide  strong  evidence 
against  the  occurrence  of  c ryst  nl  1 1 1  «•••  or  other  heterogeneous  features  an  tire 
basic  structural  units  of  the  materials. 

A  s  J  gn  1 1 J  c Hi)t  question  has  arisen  concerning  whether  the  thermal  density  fluc¬ 
tuations  are  In  fact  frozen-ln  at  the  glass  transition*  or  whether  one  should 
anticipate  a  change  In  the  f lurt u.it Ion  scattering  with  decreasing  temperature 
below  the  glass  transit  Ion.  For  a  number  of  glassy  polyrw-rs.  Wonder ff  and 
Fischer  (20)  found  In  an  Important  study  that  the  asymptotic  scattering  de¬ 
creased  linearly  with  falling  temperature  bel  -w  the  glass  transition. 

In  contrast  to  this  work  Is  the  must  Impressive  study  of  Feral  -Koshlta  and  his 
colleagues  (18)  who  me  .is  tired  the  asymptotic  small  angle  X-ray  scattering  from 
glassy  Sff>2  over  a  range  f  com  t  <'»»per  at  nr,-  to  lP0t)*“C.  It  was  found  that 

tire  level  of  a-.yrptoe  t  c  scattering  was  ronMnnt  over  this  broad  range  of  tem¬ 
perature,  Indicating  strongly  tb,>f  the  thermal  density  f  1  uctut at  1  on*  are 
fmten-fn  at  the  glass  transition. 

The  origin  of  the  difference  between  polymer  glasses  and  oxide  glasses  in  this 

regard  remains  unexplained.  W-nlorff  ;o\d  H«.chrr  suggest  that  the  density 

t  luctu  »t  tons  below  the  glass  transition  ate  proportional  ro  the  corsq’resslb  J  ]  lty 

of  the  sample  at  T  and  to  the  actual  temr«*»  at  ore  rf  the  sample.  The  r*tion- 
8 

al*  for  t  tie  change  In  density  fluctuation*  below  the  glass  transition  is  I  nr 
from  convincing;  and  ft  should  be  noted  that  rlw>  data  of  Poral -Koshl ts  and  hi* 
colleagues  cover  a  much  broadei  r-tfigo  of  temperature,  even  when  scalodby  the 
glass  transition  temperature,  than  do  fin*  data  on  the  polymer  glasses.  Con¬ 
sidering  the  Importance  of  density  fluctuations  to  matters  of  present  tech¬ 
nological  Interest,  this  area  seems  to  merit  closer  attention. 

Although  the  wide  angle  and  smtll  angle  >  - 1 av  diffraction  studies  of  SlO^  and 
C.eO ,  glasses  stem  best  represented  by  random  network  struct  ures,  electron 
microscope  ohserv.it  Ions  (21,  e.g.)  suggest  id  tite  presence  of  domains  (termed 
irl cr  lies)  having  a  degree  of  order  Intern1'* .ft  at e  between  that  of  a  random 
airay  and  a  perfect  crystal.  The  electron  microscope  evidence  was  re-examined 
hv  Seward  and  I'Mmnnn  (22)  In  the  case  of  Sh’j.  It  was  found  that  hetero¬ 
geneities  were  only  sometimes  seen,  and  when  seen,  depended  on  the  technique* 
used  to  prepare  samples  for  the  electron  microscope  observations.  It  was 
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suggested,  therefore,  th.it  the  orlp.lna’,  «»h  hi  rv.it  ion-.  I-  t et ogenel t t <  •  In 
single-phase  glasses  should  not  be  t.den  as  r «  pn*j  -rut  at  1  v>  of  the  stiuttuie  of 
the  materials. 

In  the  case  of  B^O^,  the  structure  d  not  ?.«•«*  tv  he  j.mJ  of  r.mi'W 
network  of  80  j  triangles.  Rather,  a  r.uuhm  array  «>t  h'*r.  j» v  1  unit!*  (/J)  <*r  an 
srray  of  twisting  ribbons  of  trtanp.li'  vlth  it  lmn  tl’i  ,»  «  <•»  re  1  at  l  ms  (,M 
have  been  suggested  to  represent  tin-  Mturtute. 

The  results  obtained  cm  *™d  !r‘*d«.fs  suggested  in  i. present  the  structure 

raise  an  interesting  Issue  with  ri**perf  fn  I  he  rantf  uriwnik  mod*  1 .  Jipnlli* 
cslly,  In  the  case  of  B^O^,  **'*’  r;,nd''m  arr-ivs  which  1  uwlili  the  lust  «h*>i»lp- 
tlon  of  experimental  dais  ate  composed  ol  units  -hl«h  are  larger  than  tie  basic 
structural  units  of  the  material  (BO^  t  r  I  .nclt-s) ,  IMs  1.  .  ilt  o>.r»  I  *  applicable 
ss  well  to  other  glasses,  where  the  r.md-im  network  •  w  innMst  of  er  titles 
larger  In  scale  than  the  f und.im.nt  al  emit**  of  the  ttmtute. 

With  this  qualification.  It  should  he  noted  thit  lm  'll  < I  the  slngl e- | base 
oxfde  glasses  studied  using  modern  diffraction  and  , .  .n  put  .it  tonal  techniques, 
the  best  representations  of  the  stenctute  at«  »u*t  provided  In  models  «d  cn 
crystallites,  micelles  or  nodules,  pnrai  ryst  al  ot  Mfi-luteK  having  five-fold 
symmetries.  Rather,  the  best  descriptions  of  thi  Mrurtiiu'  seem  t  o  h«  provided 
by  random  array  models. 

The  term  random  array  has  been  used  a'*  a  general  1 7  at  1  on  of  the  random  network 
model,  since  modification  of  the  rv'del  !•*  obvious  J  v  *  •  q  *i  1  r  .•  .1  for  i^ln-s  <’f 
composition  where  the  formation  of  thn  •  -•!!«*•  n*lc:i.il  networks  I.  ml  p.  «.lh1e-- 
e.g.,  regions  of  tl*  met  as  1 1  Irate  compositions  In  .ilhil!  silicate  !V-t«Ts  where 
even  Che  crystals  are  convoked  of  chairs  of  SIO,  t  <*t  r  al  1  .1  r  a ,  01  t  h*  r '  Itlng 
new  classes  nf  oxide  glasses  produced  bv  r.ipld  qumh  techniques  in  -hl«h  net¬ 
work  formation  Is  most  unlikely.  For  such  material*,  a*,  well  as  fot  linear 
polymers,  the  generalized  picture  Is  that  of  n  random  array  In  which  the  struc¬ 
tural  elements  are  randomly  arranged  and  In  which  no  unit  of  the*  structure  Is 
repeated  st  regular  Intervals  in  three  dimensions. 

In  light  of  the  success  of  the  random  nrtw.uk  mo<!<1  In  1  ep t c sent  f up  (  *trut- 
\  tute  of  many  oxide  glasses.  It  would  alto  ••com  derivable  to  examine  in  detail 

the  principles  upon  which  such  a  model  Is  based.  As  tu*c*d  previous  ly  (?*>),  the 
original  conceptual  basis  of  2ach.Hl.itir.  (.’M,  that  "the  substance  can  form 
1  extended  th rev-diraenslonal  networks  lacking  periodicity  with  an  eiu’tgv  content 

,  similar  to  that  of  the  corresponding  rryat.il  network",  ‘-eems  hlghls  .in.pl  If  led. 

A  number  of  classic  oxide  glass  formers  have.  In  fart,  father  large  differences 

(?e) 


in  enelgv  bflvt.ii  1  i  |ul.|  .md  *iy:a!  !'  ^  .old  K  fO*  *.Su' .  luitlur,  while 

d  •*»*.♦  1  2  difference  III  ftttjjtv  h.  ti.i.n  liquid  ip  I  <  i  y  •«  t  .i  1  would  i  «*p  l  v  .1  r.|.ni\v- 
Iv  rr*.»  l  \  driving  f.r  .  f  <  •  r  crv  t  *11  i  .•  .it  lot.  It  >  j  I  v.  n  inch  t-.  1  i  n,-  ,  anil  l»i  *•• 

T«*  l  at  i  v*  iy  small  rrv<c.il  growth  cif.  it  <-  « I  ■ 1  « l  -  Imply  .♦  i«}n  ih.lv  seal  1 

Ct  vst-il“l  iqul.l  suit  i »  e  frir  energy*  •*«  >  *1  Inn.*  a  »*.•  lit  I  v«- 1  v  high  Mu-  lr.it  i«m  i,.|. 
(oven  .ill  owing  f«»i  l  l.,*  cl  feel  on  chiving  Inn  1  , 

To  the  present  author's  knowledge,  there  have  h<  i  n  no  studies  which  have  umqnl- 
vor.ll  ly  elurtd.it*  I  flu*  structure  «*(  tin*  ln.llvUlu.il  phases  In  two-phase  or  Multi¬ 
phase  glosses.  In  light  of  the  sn.  »  •  «ss  if  i  'r  t  iiu1,*in  n.  .1**1*  in  r*  pi  ( 

sent  log  the  structure  of  both  single  *  on-poncnt  and  single  phase  bleary  *1.V  M 
It  seems  reasonable  fn  adopt  fir  u**tMng  f«  vp  •  t  f  e*j  I  *.  th.lt  the  structures  of  t»« 
individual  phases  In  phase-  scp.ir.it  ■  d  1 .  i  -  -  • .  ■  an  also  hr  Jos*  r  U  *  .1  by  su.  h  i  «u»d*  1  . 
Refer*  closing.  It  should  he  no  i  »•«!  that  a  Kti.it  deal  of  the  inter*  st  and  ac¬ 
tivity  in  the  field  of  glass  tie  lime  i*.  *  *m  .  i  m  d  with  rI.ism  vlili  li  arc  mi- 
f  .ml  1  iat  to  n.inv  itidltlon.il  c  l  p  t «  ■<  Imu  1  «»p.  l  •»  i  s .  I>.impl*s  ol  these  glasses  art 
tungstate  an*l  nieb.it,  glasses,  e*.  t  il  .ill«>.  glasses  and  polrnu-r  glosses.  in  »,h1* 
<>f  these  area.,  irp'iiaut  Insight*  -an  !>*•  provid'd  by  the  tr.iitti  mal  glass 
se  1  «nt  Is  t  s ;  and  we  In  tee  oxide  glass  rotr  'unity  should  he  cm  out  aged  to  htn.ideit 
our  scope  and  pirtl<  lpate  in  the  .i  *  t !  '•  1 1  v . 

As  an  example  of  wot  I*  In  other  fields  vl»*  i  ttintur.il  questions  have  been  ..  I- 
dressed  with  vigor,  consider  tin-  «  •  .*,  of  p.»lvr*i  glatses,  whose  structure  was 

traditionally  rept*  .ented  bv  the  r  md  m  c  ll  i »«».!*•  1  (27),  which  can  be  regarded 

.!:•  a  form  of  the  random  irr.iv  n**1*  1  » h I  .  m«  .1.  1  i •  •*  i- i v«-  l  v«*rv  wide  .  c c.rpt  an.  e  In  flu 

field  of  polymers,  and  was  *  ons  Id.  r  »*«l  to  pnvld*  a  useful  description  of  both 
structure  and  propel  lies. 

In  developments  closely  parallel  to  those  In  t hr  lleld  of  o\1*l«  glasses  dis¬ 
cussed  above,  but  Oi  curling  loin  In  tin*  ,  cti.tron  ml*  r«'-*  «'p*  ole-ervat  lon« 

(2P,  o.g.)  of  a  large  number  of  gl.e-vy  t  b*  i  mop  last  i«  s  indicated  the  present  * 
of  heterogeneities  pn  a  scale  oi  Vv  ?00  A  These  h.*t  * ropeur  1 1  l»*s  ,  t rimed 
nodules,  were  reported  to  be  present  In  latg*  volune  tractions  (In  the  ronpi 

of  Sot),  were  seen  In  both  st  et  cor  egu  I  ar  ml  it  a.  tic  polvnteis,  and  were  *  bsrr- 

vH  in  both  bright  field  and  dark  field  cl.eif’n  ml  *  t  <*  .c  op*  .  These  nodular 
heterogeneities  were*  taV«n  as  strong,  evld  •  i*>  e  .igiliot  the  random  * «'  1 1  model, 
and  strong  support  for  the  exlster-e  of  i  .'tons  of  !"<  .il  order  In  the  materials 
Also  similar  to  deve  lopm**nt  s  In  tin  11*11  of  »»  Id**  glasses,  subsequent  In¬ 
vestigations  of  the  structure  of  amorphous  thermoplastics  have  Indicated  that 
the*  nodular  features  are  not  rr present  <  t  i  -  .  of  the  ••tructur*  <t  the*  bulk  po- 
I'.mi  ti.  This  com. -In*  Ion  is  based  on  direct  structural  Invest  Ip  it  i  on*  d  tour 
tvpes:  (1)  small  angle  Mention  scattering  (?9,  e.p.);  (2)  wide  angle  X-rav 
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scattering  (V>,  e.R.);  (3)  sm.il  I  .tuple  X-»r,  Bmitn  liu;  Ml,  e.R.);  (<•)  llpht 
nc.it  ter  trig  (3*,  e.R.).  In  addition,  luvt  it  I  g.il I ons  of  the  opt  Kill  an  l  sut  topi 

of  polymers  have  provided  further  eviden*  *  against  t  existence*  of  'ijilcud 
regions  as  characteristic  at rurtura  1  frutcre*  of  gl.f  po I v>««* r a . 

in  conclusion,  the  field  of  pi. vis  stiuctm.il  studies  Is  n  Jyn.tcMc  and  Mr.hly 
Interesting  .iroa  for  scientific  Invest  Ip-rt  1  ons.  On  -  ld>  r  .ihle  progress*  (us  been 
m.i.le  In  elucidating  the  atructme  nf  tin*  trilltloni)  nitwnjl  based  c*xld*  r lasses; 
ond  the  prospects  are  quite  good  lot  further  ndv,im  <  u  In  the  field.  TO  focus 
of  glaas  structural  studies  seems,  however,  to  have  '.hit  ted  to  novel  oxide 
glosses  and  to  a  broad  range  of  ru  n- oxide  glasses.  I  h»  ■••••rent  urn  In  tills  di¬ 
rection  seems.  If  anything,  likely  to  lncie.'sc  in  th«*  '••mlng  decade. 
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Small  angle  X-ray  scattering  (SAXS)  and  high  resolution  electron  microscopy  have  been  used  to 
characterize  the  structure  of  glassy  polymers.  The  SAXS  from  polycarbonate,  polytmethyl  meth¬ 
acrylate),  polyethylene  terephthalate),  poly(vinyt  chloride)  and  polystyrene  is  inconsistent,  both  in  the 
form  and  magnitude  of  the  scattered  intensity,  with  the  presence  of  nodules  as  representative  of  the 
bulk  structure.  The  electron  microscope  results  provide  no  evidence  for  heterogeneities  on  a  scale 
and  volume  fraction  of  the  reported  nodules.  Only  the  pepper  and  salt  features  characteristic  of 
microscope  operation  near  the  resolution  limit  are  seen.  It  is  suggested  that  the  structures  of  these 
amorphous  thermoplastics  be  regarded  as  random  arrays. 


1.  INTRODUCTION 

The  question  of  local  order  in  nominally  glassy  polymers  has  been  the  subject  of 
considerable  controversy  during  the  past  decade.  A  sizeable  number  of  investigations, 
based  primarily  on  electron  microscope  observations,  have  cast  doubts  upon  the  utility 
of  the  random  coil  model  for  representing  the  structure  of  these  polymers.  The 
results  of  the  investigations  are  well  summarized  in  ref.  (1)  and  (2). 

The  essential  and  initially  surprising  feature  of  these  results  has  been  the  observa¬ 
tion  of  heterogeneities,  typically  on  a  scale  of  «  50*100  A,  in  a  number  of  polymers. 
Among  the  polymers  in  which  such  nodular  structures  have  been  observed  are  polycar¬ 
bonate,  polyethylene  terephthalate),  natural  rubber,  isotactic  and  atactic  polystyrene, 
poly(viny)  chloride),  and  poly(methyl  methacrylate).  Investigations  of  nodular  struc¬ 
tures  have  included  the  following  types  of  observations:  (1)  the  nodular  structures 
have  been  observed  in  both  direct  transmission  and  replication  electron  microscopy; 
(2)  dark-field  electron  microscopy  has  indicated  the  presence  of  ordered  regions  of 
approximately  the  same  size  as  the  nodular  regions;  (3)  the  nodular  structures  have 
been  observed  to  change  with  changes  in  the  process  history  of  the  samples;  in  particu¬ 
lar,  they  have  been  observed  to  increase  in  size  and/or  rearrange  upon  annealing  and  to 
align  upon  stretching:  in  some  cases,  the  nodules  have  been  suggested  to  merge  on 
annealing  into  patches,  which  in  turn  aggregate  to  form  lamellar  crystalline  structures; 
(4)  when  etched  by  ion  bombardment,  glassy  polymers  do  not  thin  down  uniformly; 
some  at  least  develop  a  granularity  on  the  scale  of  the  nodular  structures;  (5)  the  size 
of  the  nodules  varies  from  one  polymer  to  another,  but  does  not  differ  significantly 
from  one  form  of  a  given  polymer  to  another  (as  isotactic  vis-a-vis  atactic);  and  (6)  at 
least  in  the  case  of  polystyrene,  electron  irradiation  has  a  pronounced  effect  on  a  dif¬ 
fraction  halo  corresponding  to  a  Bragg  law  (/-spacing  which  is  identified  as  correspond¬ 
ing  to  an  intermolecular  rather  than  an  intramolecular  distance. 
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The  accumulated  weight  of  these  observations  has  been  taken  as  strong  evidence 
against  the  random  coil  model  for  representing  the  structure  of  glassy  polymers  and 
support  for  ti.*  existence  of  regions  of  local  order  in  the  materials.  Electron  micro¬ 
scope  studies  o'"  thermosetting  polymers  such  as  epoxy  resins1  have  indicated  hetero¬ 
geneities  on  similar  scales  to  those  seen  in  giassy  thermoplastics.  In  these  cases,  the 
technique  of  ref  lication  electron  microscopy  was  employed;  and  the  form  and  scale 
of  the  structu'**s  were  found  not  to  depend  on  the  curing  conditions. 

In  addition  to  such  direct  observations  of  heterogeneities  in  nominally  glassy  poly¬ 
mers.  a  number  of  measurements,  ranging  from  X-ray  diffraction  to  mechanical  relaxa¬ 
tion.  have  been  taken  as  inconsistent  with  the  random  network  model.  In  addition 
to  the  work  discussed  in  ref.  ( I ).  particular  note  should  be  made  of  the  relaxation  data 
obtained  on  amorphous  polystyrene  using  a  torsional  braid  technique.4  Such  data 
have  indicated  a  transition  occurring  at  temperatures  above  the  glass  transition  tem¬ 
perature,  r.  Such  transitions  have  been  termed  Tlx  transitions,  and  taken  by  some 
workers  as  evidence  for  local  order  in  the  polymers  in  their  glassy  state. 

In  contrast  to  these  suggestions  of  local  order  in  the  materials,  many  properties  of 
amorphous  thermoplastics  are  well  described  by  the  random  coil  model.  Many  of 
the  results  of  relevance  here  were  reviewed  by  Flory.1  In  addition  to  these,  the  results 
of  studies  using  small  angle  neutron  scattering6  and  wide  angle  X-ray  scattering7  have 
provided  important  insight  into  the  structure  of  amorphous  polymers.  These  will  be 
considered  by  others  at  the  present  Discussion,  and  discussed  briefly  in  section  4 
below. 

The  present  paper  will  describe  small  angle  X-ray  scattering  (SAXS)  and  electron 
microscopy  studies  of  a  number  of  amorphous  thermoplastics.  It  will  also  present 
results  of  SAXS  studies  of  cured  epoxy  resins.  Some  of  the  results  have  been  reported 
previously,*  ''  the  interested  reader  is  referred  to  these  papers  for  details,  where 
appropriate,  which  are  omitted  here. 

2.  SAXS  STUDIES 

SAXS  data  on  polycarbonate  (PC),  poly(methyl  methacrylate)  (PMMA),  poly¬ 
ethylene  terephthalate)  (PET),  poly(vinyl  chloride)  (PVC),  polystyrene  (PS)  and  a 
number  of  cured  epoxy  resins  were  obtained  using  a  Bonse-Hart  SAXS  system.  The 
system  incorporates  slotted  germanium  single  crystals  in  both  the  incident  beam  and 
diffracted  beam  in  order  to  eliminate  the  effects  of  slit-width  smearing  while  still 
maintaining  usable  intensities.  After  correcting  for  background  and  absorption,  the 
data  were  desmeared  using  a  weighting  function  which  was  determined  experimentally.9 
In  accomplishing  this  desmearing,  an  iterative  deconvolution  procedure  was  em¬ 
ployed,  using  a  multiplicative  correction  to  obtain  the  trial  function  at  each  step. 
This  has  been  taken  as  the  lower  limit  of  the  present  measurements. 

In  carrying  out  the  desmearing  procedure,  it  was  assumed  that  the  scattering  from 
the  specimens  was  isotropic.  This  assumption  was  verified  experimentally  by  rotating 
the  specimen  and  investigating  the  effect  on  the  scattered  intensity.  The  intensity  was 
found  not  to  change  upon  sample  rotation. 

The  measured  intensities,  corrected  for  background  and  absorption  and  desmeared, 
were  placed  on  an  absolute  basis  by  comparison  with  the  scattering  measured  for  a 
known  standard  material,  obtained  under  similar  diffraction  conditions.  In  all  cases, 
a  colloidal  silica  suspension  (Du  Pont  Ludox  IBD  1019-69)  diluted  to  1 .46  %  by  volume 
was  used  for  this  purpose. 

For  all  the  glassy  thermoplastics,  samples  of  commercial  materials  were  employed  • 
(Lexan,  Plexiglas  G,  PET  from  Du  Pont  chill  roll,  American  Hoechst  PVC,  and  lens- 
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grade  PS).  The  epoxy  resins  included  EPON  828  cured  with  triethylene  tetramine 
(TETA)  for  4  days  at  100  °C;  EPON  828  cured  with  nadicmethyl  anhydride  (NMA) 
and  benzyldimethyl  amine  (BDMA)  for  14  days  at  175  °C;  and  EPON  812  cured  with 
dodecenylsuccinic  anhydride  (DDSA)  together  with  NMA  and  BDMA  for  24  h  at 
130  C. 


Fig.  1. — Variation  of  absolute  SAXS  intens  '.y  with  scattering  angle  for  amorphous  PET:  O,  de- 
smeared  experimental  data;  •.  calculated  intensity  for  thermal  density  fluctuations  +  distribution  of 
heterogeneities;  A,  calculated  intensity  for  a  SO  vol.  %  concentration  of  100  A  heterogeneities 
characterized  by  the  crystal  excess  density. 

Representative  results  obtained  on  the  amorphous  thermoplastics  are  shown  in 
fig.  I  and  2  for  glassy  PET  and  PVC.  respectively.  For  these  and  all  the  other  glassy 
polymers,  the  intensity  decreases  markedly  with  increasing  scattering  angle  at  very 
small  angles  and  reaches  or  approaches  a  nearly  constant  value  over  a  range  of  inter¬ 
mediate  small  angles. 

A  nearly  constant  (asymptotic)  SAXS  intensity  at  small  diffraction  angles  (26 
<  I  )  is  expected  for  thermal  fluctuations  in  density  in  an  otherwise  homogeneous 
material  such  as  an  ideal  liquid  or  glass.  In  the  case  of  glasses,  Weinberg10  has  sug¬ 
gested  that  the  configurational  fluctuations  (but  not  the  vibrational  fluctuations) 
present  in  the  liquid  at  the  glass-transition  temperature,  Tt ,  should  be  retained  in  the 
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glassy  material.  The  magnitude  of  the  asymptotic  zero-angle  scattering  may  then  be 
expressed  as: 

7(0)  =  V  <  (A pY  >  =  kTtKr(T,)p2  (1) 

here  KT  (Tt)  is  the  isothermal  compressibility  at  Tt\  k  is  Boltzmann’s  constant;  p  is 
the  average  electron  density;  and  <(Ap)2>  is  the  mean-square  density  fluctuation  in  a 
region  of  volume  V. 


20/mln 

Fio.  2. — Variation  of  absolute  SAXS  intensity  with  scattering  angle  for  PVC:  •,  desmeared  ex¬ 
perimental  data;  O,  calculated  intensity  for  fro/en-in  thermal  density  fluctuations  plus  scattering 
from  heterogeneities  listed  in  table  1 ;  A,  calculated  intensity  from  heterogeneities  200  A  in  diameter, 

having  the  crystal  excess  density,  and  occupying  50%  by  volume;  ( - ),  intensity  due  to  thermal 

density  fluctuations. 

For  each  of  the  glassy  thermoplastics,  the  measured  SAXS  intensity  reaches  or 
approaches  an  asymptotic  value  which  is  close  to  that  predicted  for  thermal  density 
fluctuations  frozen-in  at  the  glass  transition.  (The  difference  between  the  measured 
and  predicted  intensities  varies  from  <  10  %  of  the  predicted  value  for  PC  to  ~  50  %  for 
PMM  A).  Considering  the  possible  uncertainty  in  the  values  used  for  the  high  temper¬ 
ature  compressibility,  the  agreement  here  must  be  regarded  as  impressive. 

The  occurrence  of  scattering  in  the  very  small  angle  region  above  the  level  corres¬ 
ponding  to  thermal  density  fluctuations  indicates  the  presence  of  heterogeneities  in  the 
material.  Using  the  exact  expression  for  the  SAXS  from  spheres,  distributions  of 
heterogeneities  such  as  those  shown  in  table  1  for  PVC  were  obtained  by  fitting  the 
experimental  data.  The  points  labelled  by  open  circles  in  fig.  2  show  the  scattering 
from  the  particles  in  table  1  superimposed  on  that  from  thermal  density  fluctuations. 
The  agreement  between  measured  and  calculated  intensities  is  seen  to  be  excellent; 
and  comparable  agreement  could  be  obtained  for  each  of  the  other  polymers  investi¬ 
gated. 

In  estimating  the  actual  concentrations  of  the  heterogeneities  which  are  indicated 
by  the  increase  in  SAXS  intensity  at  very  small  angles,  it  is  necessary  to  assume  a  value 
for  the  density  difference  A p  between  heterogeneities  and  matrix.  In  the  case  of  PET, 
for  example,  if  the  scattering  is  assumed  to  be  associated  with  microvoids  with  a 
density  difference  from  the  matrix  equal  to  the  bulk  density,  (A p)1  =  0.20  electron2 
A"*,  the  values  of  C(Ap)2  obtained  from  fitting  the  experimental  data  would  indicate 
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volume  concentrations  of  (4  X  10_6)-(2  X  10-5),  and  the  total  concentration  of 
heterogeneities  estimated  from  the  intensity  invariant  (see  below)  would  correspond 
to  a  volume  fraction  of  »7  x  10-5.  If,  in  the  more  likely  case  for  this  material,  the 
scattering  is  associated  with  crystallites,  with  a  density  difference  from  the  matrix  of 
(A py  =  2  x  10-3  electron2  A-6,  the  values  of  C(Ap)2  would  indicate  volume  con¬ 
centrations  of  0.04-0.2  %.  The  total  concentration  of  heterogeneities  estimated  from 
the  intensity  invariant  in  this  case  would  correspond  to  a  volume  fraction  of  *0.7  %. 
Even  smaller  total  concentrations  of  heterogeneities  were  estimated  for  PC  and  PMM  A. 

Table  1. — Sizes  and  concentrations  of  heterogeneities  describing  the  SAXS  from 

PVC 


radius/A 

C(Ap)3/10’  electron3 

A‘ 

C/%  (Ap  *  0.034 
electron  A”3) 

C/%  (Ap  =  0.45 
electron  A~J) 

4500 

5.78 

0.05 

0.000  29 

3500 

2.89 

0.025 

0.000  14 

2000 

1.33 

0.0115 

0.000  066 

1000 

1.91 

0.0165 

0.000094 

700 

3.24 

0.028 

0.000  16 

500 

15.0 

0.13 

0.000  74 

150 

8.44 

0.073 

0.000  42 

50 

23.1 

0.20 

0.000  14 

A  check  on  the  estimated  concentrations  of  heterogeneities  can  be  obtained 
by  evaluating  the  contribution  of  the  heterogeneities  to  the  mean-square  density  fluc¬ 
tuations,  <(Ap)2>.  The  magnitude  of  this  quantity  for  the  scattering  above  that  due 
to  thermal  density  fluctuations  may  be  determined  from  the  invariant  integral: 

fh2/'(h)  dh  =  27t2<(Ap)2>  (2) 

Jo 

where  l'{h)  is  the  intensity  above  that  due  to  thermal  density  fluctuations.  In  all 
cases,  the  magnitude  of  <(A p)2)  determined  in  this  way  is  close  to  the  sum  of  the  con¬ 
tributions  from  the  heterogeneities  inferred  from  fitting  the  intensity  data. 

In  the  case  of  PVC,  table  1  shows  the  concentrations  which  are  implied  by  assuming 
the  crystal  excess  density  (A p  =  0.034  electron  A-3)  and  also  those  implied  by  assum¬ 
ing  that  the  heterogeneities  are  microvoids  (Ap  =  0.45  electron  A-3).  It  is  important 
to  note  the  concentration  of  very  small  (50  A)  particles  in  the  indicated  distribution. 
The  inclusion  of  these  particles  50  A  in  radius  serves  two  purposes.  First,  it  helps  to 
account  for  the  measured  intensity  in  excess  of  the  thermal  fluctuation  scattering  at 
angles  between  20  and  30  min,  and  it  accounts  for  the  slight  negative  slope  observed 
for  this  part  of  the  curve.  Second,  it  is  needed  to  make  up  the  difference  in  the  mean- 
square  fluctuation  density  which  the  larger  particles  cannot  represent  by  themselves. 

It  should  be  noted  that  particular  distributions  of  heterogeneities,  such  as  that 
shown  in  table  1,  are  by  no  means  unique.  Other  models  with  somewhat  different 
values  for  the  sizes  and  relative  contributions  could  undoubtedly  provide  an  equivalent 
description  of  the  experimental  data.  Any  such  model  must,  however,  associate  the 
scattering  at  very  small  angles  with  small  concentrations  of  rather  large  particles  (as 
concentrations  in  the  range  of  0.04  vol  %  of  particles  several  thousand  A  in  diameter  in 
the  case  of  PC). 

Any  implication  that  the  heterogeneities  are  characterized  by  the  crystal  excess 
density  is  not  intended;  and  it  seems  likely  that  many  of  the  heterogeneities  are  not 
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characterized  by  such  a  difference  in  density  relative  to  the  matrix.  In  particular,  it 
seems  reasonable  that  the  larger  heterogeneities  are  not  large  crystals  but  rather  are 
heterogeneities  extrinsic  to  the  polymer  (such  as  dirt  or  perhaps  stabilizers  or  process¬ 
ing  aids  which  have  precipitated  during  processing).  These  should  have  a  larger  A p 
than  crystallites,  and  would  be  present  in  concentrations  smaller  than  those  indicated 
for  heterogeneities  with  the  crystal  excess  density. 

It  is  also  possible  that  the  heterogeneities  are  characterized  by  A/>  values  which  are 
smaller  than  the  crystal  excess  density,  in  which  case  the  volume  fractions  would  be 
larger.  For  PVC  with  Ap  —  0.0045  electron  A" 3  (Aplp  1  0/o),  for  example,  the  in¬ 
dicated  concentration'of  500  A  heterogeneities  would  be  5;  7  °0.  Such  heterogeneities 
could  represent  locally  dense  regions  containing  relatively  high  concentrations  of  chain 
entanglements,  probably  given  some  permanence  by  the  presence  of  a  small  con¬ 
centration  of  small  crystallites. 

The  forms  of  the  scattering  expected  for  heterogeneities  having  the  size  of  the 
nodules  reported  in  electron  microscope  studies,  occupying  a  volume  fraction  of  50  0o 
and  characterized  by  the  crystal  excess  density  are  shown  by  the  filled  triangles  in 
fig.  1  and  2.  It  is  seen  that  the  experimental  data  are  inconsistent,  both  in  the  form 
and  magnitude  of  the  scattered  intensity,  with  the  scattering  expected  for  such  an 
assemblage  of  nodules. 

Use  of  the  invariant  integral  to  estimate  the  mean  square  density  fluctuation  in  the 
materials,  beyond  that  expected  for  thermal  density  fluctuations,  also  presents  problems 
for  the  nodule  hypothesis.  In  particular,  density  differences  between  heterogeneities 
and  matrix  in  the  range  of  1  %  or  less  of  the  bulk  density  are  indicated.  Such  small 
density  differences  would  not  produce  perceptible  contrast  in  the  electron  microscope, 
either  by  amplitude  contrast  or  by  Fresnel  type  phase  contrast;  and  it  seems  unlikely 
that  heterogeneities  differing  from  the  amorphous  density  by  as  little  as  1  %  could  be 
characterized  by  sufficient  order  that  perceivable  diffraction  contrast  would  be  noted. 

Taken  in  loto  the  SAXS  results  provide  strong  evidence  that  the  nodular  structures 
seen  in  the  electron  microscope  are  highly  unlikely  to  be  representative  of  the  bulk 
structure.  It  is  suggested,  therefore,  that  the  nodules  may  be  associated  with  surface 
effects,  and  that  the  structures  of  the  polymers  be  regarded  as  random  amorphous 
arrays,  with  small  concentrations  of  heterogeneities  superimposed  on  thermal  density 
fluctuations  frozen-in  at  the  glass  transition. 

While  most  of  the  controversy  surrounding  the  existence  of  nodules  has  centred 
about  thermoplastic  polymers,  many  studies  have  been  conducted  on  network-forming 
thermosetting  polymers  as  well.  Heterogeneities,  generally  on  a  scale  of  50-3000  A 
and  present  in  large  volume  fractions,  have  been  observed  in  transmission  electron 
microscope  studies  of  a  number  of  cured  epoxy  resins.  Among  such  studies,  that  of 
Racich  and  Koutsky3  has  provided  the  most  clear-cut  evidence  for  the  presence  of 
structural  inhomogeneities.  These  workers  observed  heterogeneities  (which  they 
termed  nodular  structures)  on  free  surfaces,  fracture  surfaces  and  etched  surfaces  of 
epoxy  resins  of  widely  different  cures  and  chemistries. 

The  SAXS  intensity  from  the  three  cured  epoxy  resins  are  illustrated  by  the  data  in 
fig.  3  for  the  Epon  812/NMA/DDSA  material.  The  intensity  is  seen  to  decrease  with 
increasing  scattering  angle  out  to  %  24  min,  beyond  which  the  intensity  remains  almost 
constant.  The  asymptotic  level  of  scattering  is  close  to  that  expected  for  thermal 
density  fluctuation  (0.3  electron2  A-3  as  compared  with  0.18  electron2  A-3). 

The  pronounced  rise  in  scattered  intensity  at  small  angles  (20  <  24')  and  the 
excess  asymptotic  scattering  at  larger  angles  (over  that  predicted  by  fluctuation  theory) 
can  be  associated  with  heterogeneities  in  the  sample.  The  sizes  and  concentrations  of 
heterogeneities  needed  to  describe  the  observed  scattering  are  shown  in  table  2.  The 
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Fig.  3. — Variation  of  absolute  SAXS  intensity  with  scattering  angle  for  Epon  812/NMA/DDSA: 
•  ,  desmeared  experimental  data;  O,  calculated  intensity  for  thermal  density  fluctuations  +  distri¬ 
bution  of  heterogeneities  shown  in  table  2. 

presence  of  large  heterogeneities  ( R  >  250  A)  is  required  to  explain  the  large  increase  in 
intensity  at  very  small  angles.  It  is  likely  that  these  heterogeneities  are  extrinsic  to  the 
polymers.  While  adventitious  impurities  such  as  dirt  may  be  responsible  for  some  of 
this  scattering,  the  most  likely  source  is  gas  (air)  bubbles  incorporated  in  the  resin  dur¬ 
ing  its  cure.  As  seen  in  table  2,  concentrations  of  gas  bubbles  in  the  range  of  10-5 
are  sufficient  to  account  for  the  observed  scattering  (above  fluctuation  scattering)  in  the 
very  low  angle  region. 


Table  2. — Calculated  sizes  and  concentrations  of  heterogeneities  in  Epon  812/NMA/ 

DDSA10 


R/k 

c(l  -  c)(Ap)2 

c(Ap  =  1  %) 

c(Sp  = 

10%) 

c(Ap  =  100  %) 

150 

3.18  x  10-6 

0.266 

1.95  x 

10-3 

1.95  x  IO’5 

500 

1.91  x  IO’6 

0.135 

1.17  x 

10"3 

1.17  x  IO"5 

3000 

1.77  , 

,  io-‘ 

0.124 

1.08  x 

10-3 

1.08  x  IO’5 

5000 

9.55  ■ 

io-6 

_ a 

5.88  x 

10-3 

5.88  x  IO'5 

6000 

5.53  - 

io~6 

_ a 

3.38  x 

10-3 

3.38  x  IO'3 

"Gives  c(l  -  c)  >  0.25. 


The  scattering  at  larger  angles  (still  in  the  small  angle  region)  is  associated  with 
smaller  heterogeneities.  The  excess  scattering  (above  that  due  to  thermal  fluctuations) 
indicates  the  presence  of  small  (<100  A)  inhomogeneities  in  the  materials.  Again, 
concentrations  of  gas  bubbles  in  the  range  of  10-5  would  be  sufficient  to  account  for 
the  observed  excess  scattering,  although  the  presence  of  other  structural  inhomogenei¬ 
ties  could  also  account  for  the  scattering.  If  the  densities  of  these  heterogeneities 
differ  only  slightly  from  that  of  the  matrix  (as  A  p/p  =  1  %),  they  could  be  present  in 
sizeable  concentrations. 

For  electron  microscope  studies  carried  out  using  direct  transmission  on  thin  sec¬ 
tions,  heterogeneities  in  a  1000  A  thick  sample  of  epoxy  would  provide  discernible 
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contrast  only  if  they  differed  in  density  from  the  bulk  by  *5-10°'.  Examination  of 
table  2  shows,  however,  that  heterogeneities  differing  from  the  bulk  density  by  10  "  „ 
or  more  can  only  be  present  at  concentrations  in  the  range  s:0. 1%,  a  range  which  is 
much  smaller  than  the  concentrations  indicated  for  the  nodular  features. 

For  studies  carried  out  using  electron  microscopy  of  surface  replicas,  which  repre¬ 
sent  the  largest  fraction  of  the  observations  of  nodular  features  in  epoxy  resins,  a 
different  question  is  posed  by  the  present  results.  The  volume  fractions  of  hetero¬ 
geneities  seen  in  the  electron  microscope  studies  are  consistent  with  the  SAXS  results 
only  if  they  differ  in  density  by  perhaps  1  °0  or  less  from  the  bulk.  In  light  of  the 
modest  differences  in  density  between  cured  and  uncured  epoxy  resins,  differences  in 
density  of  1  %  or  less  in  the  cured  resin  seem  not  unreasonable.  It  remains  to  be 
established,  however,  how  regions  with  such  differences  in  density  become  visible  on 
fracture  surfaces.  Certainly  there  is  good  reason  for  expecting  regions  of  different 
crosslink  density  in  cured  epoxy  resins.  What  remains  to  be  clarified  is  the  relation 
between  such  regions  and  the  features  seen  in  electron  microscope  studies.  The 
present  SAXS  results  should  be  viewed  as  providing  data  with  which  any  proposed 
structural  model  must  be  consistent. 


3.  ELECTRON  MICROSCOPE  STUDIES 

The  SAXS  results  discussed  in  the  preceding  section  cast  strong  doubts  on  the  vali¬ 
dity  of  the  electron  microscope  observations  which  suggested  the  occurrence  of  nodular 
structures  as  essential  features  of  amorphous  polymers.  It  seemed  highly  desirable, 
therefore,  to  re-examine  the  structure  of  glassy  polymers  using  the  technique  of  high- 
resolution  electron  microscopy. 

Appropriately  thin  samples  of  PC,  PET,  PVC  and  PS  were  cast  from  solutions 
using  the  same  techniques  as  employed  by  previous  investigators;  the  specimens  were 
viewed  in  both  bright-  and  dark-field  using  a  high  resolution  electron  microscope 
which  provided  magnifications  of  500  000  \  or  more  on  the  photographic  plates 
when  desired. 

For  all  four  polymers,  the  structures  were  seen  to  be  featureless  down  to  the  limit 
of  resolution  of  the  electron  microscope.  Only  the  “  pepper  and  salt "  structure 
characteristic  of  electron  micrographs  taken  at  high  resolution  is  seen.  The  “  pepper 
and  salt  "  structure  observed  is  a  result  of  the  use  of  a  finite  objective  aperture  to  limit 
the  amount  of  information  (in  the  form  of  transmitted  or  scattered  electrons)  from 
the  object  that  is  used  to  construct  the  image.  If  the  object  is  considered  to  be  an 
array  of  atoms  or  molecules,  then  the  convolution  of  the  object  with  an  Airy  disc  (the 
aperture  transform)  will  yield  a  blurred  image  of  the  array  observed  as  the  “pepper 
and  salt "  structure. 

No  evidence  was  found  in  either  bright-field  or  dark-field  for  nodular  features  as 
reported  by  others.  The  combination  of  featureless  bright-field  and  dark-field  micro¬ 
graphs  provides  strong  evidence  for  a  highly  homogeneous  structure.  Since  PET  was 
the  first  polymer  for  which  distinct  nodular  structures  in  the  glassy  state  were  reported, 
and  since  the  nodules  in  this  material  appear  with  greater  clarity  than  those  in  other 
polymers,  it  was  decided  to  subject  PET  to  even  closer  scrutiny.  Several  through- 
focus  series  of  micrographs  were  taken,  a  representative  set  of  which  is  shown  in  fig.  4. 
This  series  shows  the  absence  of  perceivable  structure  in  the  in-focus  micrograph,  and 
illustrates  how  apparent  structure  can  be  developed  in  the  micrographs  by  going  to 
either  an  underfocus  or  an  overfocus  condition.  The  change  in  the  scale  of  the  “  salt 
and  pepper  "  noted  with  change  in  focus  can  be  considered  as  an  additional  defocus 
convolution  with  the  original  object. 
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These  results  suggest  that  the  fine-scale  (<20  A)  apparent  structure  seen  in  some 
previous  investigations  may  simply  reflect  the  use  of  electron  microscopes  of  insufficient 
resolution,  or  may  result  from  the  lack  of  proper  focus  in  taking  the  micrographs. 
Neither  of  these  possibilities  can  be  confirmed  at  present  nor  can  alternative  explana¬ 
tions  based  on  other  effects,  such  as  radiation  damage  from  the  electron  beam  or  the 
possibility  that  the  observed  nodules  represent  surface  features  of  the  polymers. 


4.  GENERAL  DISCUSSION 

The  combined  results  of  the  SAXS  and  electron  microscope  studies  suggest  that 
nodular  features  should  not  be  taken  as  representative  of  the  bulk  structure  of  thermo¬ 
plastic  polymers.  These  findings  are  in  accord  with  the  results  of  recent  light  scatter¬ 
ing  and  small  angle  neutron  scattering  (SANS)  investigations  of  glassy  polymers. 
Among  the  former,  Patterson1 2 3 4 5 * 7 * * 10 11  investigated  the  effects  of  cooling  on  light  scattering 
from  PMMA  and  PC.  No  evidence  was  found  for  an  increase  in  the  number  density 
or  size  of  heterogeneities  in  the  polymers  as  the  temperature  was  lowered,  as  would  be 
expected  for  nodular  structures  as  regions  of  local  order. 

Among  the  SANS  studies,  that  of  Benoit12  can  be  taken  as  representative.  The 
radii  of  gyration  of  eight  molecular  weight  polystyrene  polymers  were  found  to  be  the 
same,  within  experimental  error,  as  those  of  the  polymers  in  a  theta  solvent  (where 
the  random  coil  is  widely  acknowledged  as  providing  a  useful  representation  of  the 
chain  conformation). 

The  combined  weight  of  all  these  studies,  together  with  those  cited  in  ref.  (5),  leads 
to  the  conclusion  that  the  structure  of  amorphous  thermoplastics  should  be  represented 
by  random  array  models  such  as  the  random  coil,  rather  than  by  models  such  as  the 
nodule  hypothesis,  whose  essence  involves  regions  of  locally  high  order.  When 
examined  in  detail,  all  the  evidence  advanced  in  support  of  such  local-order  models 
seems  subject  to  question.  Even  the  observation  of  Tu  transitions  seems  to  involve 
the  interaction  of  the  liquid  with  the  braid  on  which  it  is  supported,  and  cannot  be 
taken  as  unequivocal  support  for  regions  of  local  order.  It  is  suggested,  therefore, 
that  the  controversy  be  laid  to  rest,  and  that  attention  be  directed  to  more  fruitful  areas 
such  as  the  structural  changes  involved  in  crystallization  and  the  structural  differences 

between  surfaces  and  bulk  material.  _  . 
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Ihe  similarities  and  di  i  lrrowi  s  in  the  structure  of  polymer 
glasses  and  oxide  glasses  are  reviewed,  together  with  RU*dels 
sullies  ted  to  describe  structure  on  various  scales.  It  is 
suggested  tiiat  random  arrav  models  seen  to  provide  the  host 
description  of  structure  for  most  glasses  of  both  tvpes  i'f 
materials.  AN,,  considered  am  tin.  cry  st  al  1  izat  i  on  and  viscous 
f 1 ov  behavior  of  both  c l asses  oj  materials,  together  with  t  lu 
implications  ot  tin*  observed  behavior  for  their  formation  as 
amorphous  solids.  Hie  role  of  the  chain  character  of  polvner 
liquids  in  affecting  their  kinetic  behavior  is  considered,  as 
are  recent  *vntr»<versiis  concerning  the  microstructure  of 
part  1 v-«  rvst alii  zed  pol ymers . 


I  N  I  Ki’hl'c  T !  i  'N 

The  oldest  known  glasses  are  the  l-Vo-a  1  kal  ine  earth-aluminosilicates  returned  iron 
tin*  lunar  surface,  which  have  persisted  in  the  glassy  state  for  periods  in  the 
ran of  a  billion  years.  The  first  commercial  glasses,  of  much  more  recent 
origin,  were  also  silicate  glasses*  and  such  glasses  represent  the  dominant  part 
ot  the  glass  indust rv  to  the  present  day.  Prior  to  the  twentieth  century,  when 
one  spoke  of  glass,  lie  referred  to  amorphous  solids,  generally  comprising 
silicates  containing  alkali  and  alkaline  earth  oxides,  which  were  prepared  by- 
melting  at  high  temperature  followed  by  cooling  from  the  liquid  state. 

Muring  tin*  past  Si'  years,  it  lias  been  found  that  glass  formation  is  not  restricted 
to  silicates,  nor  even  to  inorganic  oxides.  Rather,  glasses  have  been  formed  of 
a  wide  range  of  materials,  including  polymers,  salts,  simple  organics,  water, 
cal chogen i des ,  and  even  metals.  The  techniques  for  forming  glasses  also  cover  a 
ve rv  wide  range,  including  splat  coo! ing  and  laser  film  melting,  evaporation 
sputtering,  ion  implantation,  thermal  and  anodic  oxidation,  chemical  vapor 
deposition,  el ectrodeposi t ion ,  hydration  of  gels,  and  exposure  to  radiation  or 
shock  waves.  The  varieties  of  techniques  used  to  form  glasses  have  recently  been 
summarized  by  Scherer  and  Schultz  (1980),  and  will  be  discussed  by  Sakka  (1980) 
at  this  Conference. 

The  ease  of  glass  formation  on  cooling  a  liquid  ranges  from  820-3,  which  has  never 
been  c rvst al 1 i zed  f rom  a  dry  melt  at  atmospheric  pressure;  atactic  polymers, 
which  cannot  crystallize  because  of  configurational  constraints;  and  albite 
(SnAl  Si  }0j$)  which  has  been  held  for  more  than  a  year  at  considerable  undercoolings 
without  observable  crystallization;  through  the  familiar  silicate  glasses  of 
industrv  which  can  he  formed  as  amorphous  solids  on  a  scale  of  inches  but  not  feet, 
and  materials  such  as  polyethylene  terephtha 1  ate  which  will  partially  crystallize 
in  bodies  of  even  1/8  inch  thickness  unless  cooled  rapidly;  to  materials  which 
crvstallize  unless  cooled  with  great  rapidity,  including  the  widely-investigated 
metal  alloy  glasses  whose  formation  requires  cooling  rates  in  the  range 
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I0h  K  sec  \  and  whirli  can  therefore  he  prepared  as  glasses  only  when  at  least 
one  dimension  is  small. 

The  present  paper  will  he  concerned  with  the  two  types  of  glasses  of  greatest 
t echno logi ea 1  importance,  oxide  glasses  and  polymer  glasses.  Specific  attention 
will  he  directed  to  the  structural  features  of  both  types  of  glasses,  to  models 
used  to  represent  the  structures,  and  to  the  kinetic  processes  important  in  their 
viscous  flow  and  crystallization  behavior  which  affect  llu-ir  ability  to  he  formed 
as  glasses. 

The  thesis  will  he  advanced  that  developments  in  both  of  these  areas  have  in  many 
respects  proceeded  along  parallel  lines,  with  regrettably  little  i nterconnect i on 
between  them,  and  with  regrettably  little  commun icat ion  between  workers  dealing 
with  the  two  classes  of  materials.  It  is  hoped  that  Conferences  such  as  the 
present  one,  bringing  together  workers  from  a  variety  of  disciplines  will  promote 
increased  interaction  and  int erconnect ion  during  the  coming  decades. 

MOPK1S  OK  HI. ASS  STIUCTI  KK 

Among  l  lie  models  used  to  represent  the  structure  of  glasses,  the  following  have 
received  widest  attention.  In  each  case,  reference  will  be  made  to  the  earliest 
or  the  classic  descriptions  of  the  structure,  with  examples  chosen  from  both 
polymer  and  oxide  glasses.  It  will  be  seen  that  models  based  on  the  same  con¬ 
cept  mi  1 i zat i on  have  been  advanced  to  represent  both  type  of  glasses,  apparently 
i  ndependent I v . 

<rv stall ite  Models 

X-rav  diffraction  patterns  of  glasses  generally  exhibit  broad  peaks  centered  in 
the  range  in  which  strong  peaks  are  also  seen  in  the  diffraction  patterns  of  the 
correspondi  ng  crystals.  This  is  shown  in  Fig.  1  for  the  case  of  SiO->.  Such 
observat ions  led  to  the  suggestion  that  glasses  are  composed  of  arrays  of  very 
small  crystals,  termed  crystallites.  The  observed  breadth  of  the  diffraction 
pattern  of  the  glass  was  suggested  to  result  from  part icie-size  -broadening,  which 
occurs  for  sizes  of  coherently  diffracting  arrays  smaller  than  about  0.1  am. 

In  the  case  of  oxides,  this  model  was  applied  to  both  single-component  and  multi- 
component  glasses,  with  the  structure  in  the  latter  case  being  viewed  as  composed 
of  crystallites  of  compositions  correspond i ng  to  compounds  in  the  particular 
svstem.  In  the  case  of  oxide  glasses,  this  model  is  most  frequently  associated 
with  Porai-Koshits  (e.g. ,  Valenkov  and  Porai-Koshit s ,  1936).  Variations  of  this 
model  have  been  used  by  many  others  in  the  field  of  oxide  glasses.  In  the  case  of 
polymer  glasses,  the  model  has  received  much  less  attention;  although  evidence 
for  regular  inter-chain  correlations  has  been  suggested  by  several  investigators. 

Random  Array  Models 

According  to  random  array  models,  glasses  art-  viewed  as  three-dimensional  arrays, 
lacking  svmmetry  and  periodicity,  in  which  no  unit  of  the  structure  is  repeated 
at  regular  intervals  in  three  dimensions.  In  the  case  of  oxide  glasses,  the 
suggested  random  arrays  were  networks  of  oxygen  polyhedra,  and  the  model  is  known 
as  the  random  network  model.  This  model  is  most  frequently  associated  with  names 
of  Warren  (1937)  and  Zachariasen  (1932). 

Adopting  the  hypothesis  that  a  glass  should  have  an  energy  content  similar  to  that 
of  the  corresponding  crystal,  Zachariasen  suggested  four  rules  for  the  formation 
ot  an  oxide  glass.  Those  are: 

1.  Knch  oxygen  ion  should  be  linked  to  not  more  than  two  cations. 
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pi  asses  ptvduced  I'v  r.ipitl  >|ut  iwh  t  i  chn  i epn-s  in  wiiicii  network  h'nn.ii  inn  is  unlike]; 
te.p.,  i.viiry.v  ii  ai.,  for  mj.  h  mat  e  r  i.il  i  be  izi’J  picture  is  ilwit 

ot  a  r.uuli'tn  avr.i\  in  whivh  the  sjnu  lur.il  elements  .uu  randomly  .»rr;inp, e-d  and  in 
which  lie  unit  ot  tiu-  sinu  lufi  is  repeat  e-d  at  repul.ir  intervals. 

Sues  a  >’,*.-iu-ral  i  .-at  iau  is  in  ii'v.arv  in  tin-  ease  at  (  it*»  .ir  ivlvnu-rs,  whim  consist 
a!  lonp-ciiuiti  molecule-^,  where  speeifU  e  eum  Lb-rat  ion  must  i'v  d  i  r  ec  t  e-el  la  the 
La  iin  chalacl  i-r  ai  tin-  materials.  iin  most  I  >>is  >iul  ptapaiHiit  ai  tilt-  random  urr.<! 
model  I  of  tiif  structure  at  UV.iarpiietls  l:>  I'l  I  n  I'larv  tv....,  Klory ,  lu-Sj), 

ibe-  striiitur.i!  matures  tin-  random  co_i_l  r.adi  1  n.iw  he  eii  lensiwei'e-d  bv  f  lory 

in  ii*s  tail;  al  tiiis  t  on!  ereiici  . 

Iin-  essential  am!  strikim;  Matures  at  t ;  i  i  mode  ’»  art  I  lar\  *  *-  mij^i'si  ions  that  im 
cnain  con  t  or  mat  ions  in  the  r::e!t  are  t .  >  .i  p.-od  approx  ima  t  ian  unperturbed  by  t  t,e 
presence  of  no  i  phbor  i  n>;  chains  and  that  the  <.  ant  i  purat  i  on-  in  ti.e  nu'lien  or  p.laxs; 
po  I  vr.u-r  an-  similar  tv*  those  in  a  dilute  ion,  Sinn  a  ::iodi  l  me,  been  pictur¬ 

esque!  y  portra  id  as  a  tatipled  bowl  at  st  Lk\  spapise  1 1  i  or  .*  barrel  packed  with 
wipplillp  eels. 

I  in1  random  coil  model  mix  men  applied  la  a  varietv  ot  i  lex  i  b  1  e— v  iia  i  n  pa  Unit's, 
which  rei'fi  se-nt  the-  pre-at  najarite  » •  t  the  pc !  \  ;:;i  r  *.  al  c.wirrce'  and  ineltule 
r.iferi.ils  ranpinp  tram  natural  rubber  ana  p.»lvst\reiu  to  polyrie-u.vl  ru-thaor>  late 
a  -.  polycarbonate. 

it  u.is  re  .  opn  i  .ted  tii.il  tiie  randan  coil  model  would  not  be  appropr  fate-  ta  represent 
lav  structure  at  r  i  p  i  d- chu  i  ti  polymers  such  as  the-  al  pmt-he  l  ical  pal  \  pept  ides  or 

tiie  I  \  parai'eii.r.in  ides  *  and  the  sarie  Ilory  flbiM  presented  ti"-  misie-  the  e'rel  ical 

t  realne*ul  ti*r  solutions  ot  r  ipid-eiia  in  tnacroi:.o  l  ceu  I  e  s .  While  siu  l.  polymers  are 
•*e\orui  tile  h'l'lls  Ot  tile-  present  paper,  it  sill'll  111  be-  Mate-el  that  t  tie-v  represent  ail 
txcitiup  new  clus-*  at  materials,  as  exempt  it  ieel  by  tin-  Ke-vlar  !  ibe  Ts  « » t  du  Pant  , 
'..:om  invest  ipat  ian  alters  particular  promise.  Such  r  i  p,  id-e  I  a  in  molecules  are 
:iet.»hle  tar  the-  tormation  at  1  iqu  id-ervsta  l  1  iin-  arravs  in  melt  or  se*luiie*n. 

Vi.-.  11,  and  Nodule  Mode- Is 

Al  I  ol\!  i  tip  t  e  •  these  models,  plaxseS  are-  eolliposeel  at  slniitm'.il  te.ltl  l!*eS  c  bar«J»  l  er- 
i.'eil  I'V  a  dep.ree  Ot  order  i  lit  e-rr.led  i  a  l  e  bctWee-ll  that  al  a  pe-rti-Ot  crystal  and  a 
t. uulon  arrav.  Hu-  depree  at  order  in  l  be-  ciiara*  t  e-r  ist  U  feature-*  is  sup  pest  e-el 
ta  b.  larp.e-  e-nauph  tar  tlu-ir  mutual  m  i  sol*  i  entat  i  e*n  to  be  disc  or  nod  in  an  e-leetran 
i .  rascopi- ,  ve-t  small  enough  tii.it  sharp  lir.ipp  ret  lections  are-  not  soon  in  X-ray 
iii  i  l  r.i*'t  j  »>n  patterns.  In  tin  ease  at  e*xidt-  plasses,  those  features  wen-  termed 
i  iv  1  1  e-jf .  iluv  were-  advancoel  to  accannt  tor  tbo  luteropem- i  t  ies  on  a  scale  ot’ 
"t-llH*  A  oi'setveei  ill  electron  riieTi'sCe'pe  Stuelie-S  of  S  i  lip  1  e—  c  OTIlponoilt  plaSSe'S 
sueh  a-,  Sit*,  and  «-iO,  (see-,  e  • .  \* »  ,  /.ur/.wki  aiul  Mo/.ard ,  lMh2). 

I  Ji.nl  r»'n  m  i  c  re'se-ope-  e*bs  e-fva  t  i  mis  i»t  plassy  petlynu-rs,  carried  out  a  f  e*v  years 
later,  indicate-ei  tin-  pivsena  ot  belt  ropone  i  l  ios  *>n  a  similar  -seale-  te'  th.it  seen 
in  oxide  p.  las  son  (  »n-jOO  A),  present  in  similarly  biph  volume  tractions  fin  the' 
ran  pi-  e't  *i'  )  *.  and  similar  model-*  were  advanced  to  re-pre-se-nt  the-  structure.  Ibe 
leatun-N  with  an  int  e -rmeei  iat  e  eK-pre-e  ol‘  order  were  termed  nodules.  Such  mode  Is 
.»r«-  r.e-st  e  le«s«  lv  asse'ciati‘d  with  he*»l  (l4)7  5)  a nd  Yeh  (1U72). 

P.ir.iiT’.'st  al  Models 

Iin-  te-rm  p.iracrvst  a  1  i  ini  t  v  was  introduced  by  Hosemann  (see  llosemann  and  Hapchi, 
l‘Mi2)  le*  represent  stnu  tural  te-atures  whose  order  can  be  described  as  a  sort  e*f 
'propapat  ie>n  of  errors  *  from  that  e*f  a  perfect  crystal.  The  propagation  of  errors 
in  puckjjjp  sets  limits  ti*  the  scale-  on  wbie-h  sensible  iirder  can  oce-urj  and  such 
noelcls,  e*r  ip.inal  lv  used  le>  de-serlbe  the-  strinture  of  part  I  v^crvstal  1  ine  polymers, 
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haw  been  extended  to  represent  the  structure  of  nominal ly-glassy  polymers.  In 
particular,  the  notion  of  paracrystallinity  can  be  taken  to  provide  a  specific 
embodiment  of  the  approach  suggested  by  the  micelle  or  nodule  views  of  glass 
structure . 


Structural  Models  Based  on  Five- Fold  Symmetries 

The  existence  in  liquids  of  nearly  regular  coordination  polyhedra  which  cannot 
fill  space  was  suggested  by  Frank  (1952)  and  Bernal  (1959).  In  both  cases, 
structural  elements  having  five-fold  symmetry  were  emphasized ;  and,  indeed, 
tin*  symmetry  of  the  coordination  cells  observed  in  hard  sphere  models  of  liquids 
is  predominantly  pentagonal.  In  one  view,  the  existence  of  such  structures  was 
related  to  the  suggest  ion  that  the  energy  of  a  molecular  group  may  be  lower  for 
some  forms  of  the  coordination  polyhedra  which  do  not  fill  space  than  for  any 
space-filling  form.  According  to  another  view,  the  stabilizing  influence  is 
not  energetic  but  entropic  in  origin,  specifically  being  related  to  the  entropy 
associated  with  the  mixing  of  different  polyhedra. 

Models  based  on  five-fold  symmetry  were  used  to  describe  the  structure  of  SiO., 
and  alkali  silicate  glasses  (e.g. ,  Tilton,  1957).  According  to  this  model,  tHe 
structure  is  composed  of  pentagonal  dodecahedral  cages  which  cannot  be  extended 
indefinitely  in  three  dimensions  without  accompanying  Arainol'  the  Si-0  bonds. 
l'he  present  author  is  unaware  of  applications  of  five-fold  symmetric  units  to 
represent  the  structures  of  synthetic  amorphous  polymers,  although  they  have 
been  employed  to  describe  biological  macromo lecules. 


Meander  Model 

According  to  this  model,  the  structures  of  amorphous  polymers  consist  of  bundles 
of  nearly  straight  chains  which  change  their  directions  by  the  introduction  of 
gauche  segments  cooperatively  arranged  in  gauche-areas.  In  this  way  either 
honeycomb  or  meander- like  structures  can  be  produced.  The  latter  were  suggested 
;is  intuitively  more  probable  (Pechhold  ,  o  197 1 )  .  The  typical  radius  of  the  meander 
was  suggested  to  be  in  the  range  of  50  A. 

STKIVITRE  OF  Cl-ASSES 
Oxide  t. lasses 

Early  controversies  between  proponents  of  the  crystallite  and  random  network 
models  of  oxide  glass  structure  were  generally  decided  in  favor  of  the  random 
network  model,  based  largely  on  the  arguments  advanced  by  Warren  (1937,  1941). 

From  the  width  of  the  main  broad  diffraction  peak  for  Si()2»  e.g.,  the  crystallite 
size  was  estimated  as  7-8  A.  Sin^e  the  size  of  a  unit  cell  of  the  corresponding 
crystalline  form  is  also  about  8  A,  any  crystallites  would  be  only  a  single  unit 
cell  in  extent  and  such  structures  seem  at  variance  with  the  notion  of  a 
crystalline  array.  Further,  in  contrast  to  silica  gel,  there  is  no  marked  small 
angle  scattering  from  silica  glass,  at  least  down  to  the  range  of  diffraction 
angles  shown  in  Fig.  1  above.  This  was  taken  as  indicating  that  if  crystallites 
of  reasonable  size  are  present,  there  must  be  a  continuous  spatial  network 
connecting  them  which  has  a  density  similar  to  that  of  the  crystallites. 

Because  of  the  wide  acceptance  of  the  random  network  model,  it  came  as  a  great 
surprise  when  electron  microscope  studies  of  a  number  of  glasses  indicated  the 
presence  of  heterogeneities  on  a  scale  of  50-200  A.  The  heterogeneities  were 
present  in  large  volume  fractions  (in  the  range  of  50%),  and  were  seen  in  both 
single  component  and  multicomponent  glasses,  using  both  replication  and  direct 
transmission  electron  microscopy.  Because  of  the  general  acceptance  of  the  random 
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network  model,  most  reviewers  "knew"  that  glasses  were  random  networks;  and  the 
reports  of  sueh  studies  appear  in  publications  such  as  the  Pittsburgh  Ceramist 
(Hummel,  1957)  and  Industrial  and  Kngineering  Chemistry  (Prebus  and  .-liehner, 

1954) . 

A  rationale  for  the  existence  of  two-phase  structures  in  glasses  as  manifestations 
of  a  process  of  liquid-liquid  immiscihi 1 i tv  was  soon  provided.  Particular 
attention  was  directed  to  a  model  of  liquid- 1 iquid  phase  separation  by  a  continuou 
mode  of  transformation  known  as  spinodal  decomposition,  rather  than  by  the  more 
familiar  mode  of  nucleation  and  growth.  A  linearized  theory  of  spinodal  decom¬ 
position  (Calm,  1965)  predicted  the  occurrence  of  interconnected  microstructures— 
i.e.,  microstructures  in  which  both  phases  are  three-dimensional ly  interconnected. 
Such  structures  were  observed  for  compositions  near  the  middle  of  a  number  of 
miscibility  .aps  the  flood  gates  were  opened;  and  reports  of  two-phase  or  multi¬ 
phase  structures  in  glasses  began  to  proliferate,  evidence  for  miscibility  gaps, 
botli  stable  and  metastable,  were  found  in  a  large  number  of  glass-forming 
systems;  and  it  is  generally  recognized  today  that  liquid-liquid  phase  separation 
is  a  widespread  phenomenon,  the  possibility  of  whose  occurrence  must  be  con¬ 
sidered  when  treating  the  structure  and  properties  of  glasses. 

The  phenomenology  of  phase  separation  in  oxide  glasses  Jus  been  reviewed  by  a 
number  of  authors  (e.g.  ,  1‘hlmann  and  Kolbeck,  ly76,  Vogel,  1977).  M Lcrostruc tur es 
consisting  of  discrete  second-phase  particles  are  generally  seen  near  the  bound¬ 
aries  of  miscibility  gaps  (volume  fractions  of  second-phase  material  less  than 
15-20.'),  while  int erconnected  microstructures  arc  often,  but  not  invariably, 
observed  in  the  central  regions  of  miscibility  gaps. 

In  many  glass-forming  systems,  even  more  complex  phase  arrays  can  he  produced 
as  a  result  of  liquid-liquid  immi sc ibi 1 i ty .  It  has  been  demonstrated,  for  example 
that  a  multiplicity  of  amorphous  phases  can  he  produced  by  appropriate  heat 
treatment  of  various  compositions  (Vogel,  1971),  and  that  secondary  phase 
separation  is  a  phenomenon  of  potential  importance  in  many  glasses  (e.g.,  Seward 
et  al.  ,  I'm  9a,  and  Porai-Kosh i ts  and  Averjanov,  1968).  The  latter  phenomenon 
occurs  when  on  cooling  a  liquid,  initial  separation  takes  place  into  two  phases; 
and  on  further  cooling,  one  or  both  of  the  initial  phases  in  turn  separates  into 
other  phases,  at  least  for  regions  away  from  the  inter-phase  boundaries. 

Caution  should  be  exercised  in  inferring  the  mechanism  of  phase  separation  from 
the  form  of  the  ohservod  structures.  It  has  been  noted,  for  example,  that 
interconnected  microst rue Cures  can  be  produced  by  the  formation,  growth  and 
coalescence  of  discrete  second-phase  particles,  and  that  discrete-particle 
structures  can  be  produced  by  b  at  treatment  of  interconnected  structures  (Seward 
et  al.,  1968b). 

It  has  also  been  noted  that  inclusion  of  the  leading  higher-order  nonlinear  terms 
in  the  theory  of  spinodal  decomposi t ion  leads  to  a  breakup  of  the  Inter-connecti¬ 
vity  seen  in  the  early  stage,  linear  treatment. 

Recognizing  the  occurrence  of  phase  separation,  the  issue  of  present  concern  is 
the  structure  of  the  individual  phases  in  two-phase  or  multi-phase  glasses.  To 
the  present  author's  knowledge,  there  have  been  no  studies  which  answer  this 
question  unequi vocal 1 v.  The  success  of  the  random  network  model  in  representing 
the  structure  of  both  single  component  and  single-phase  binary  glasses  suggests, 
however,  that  it  should  usefully  describe  the  structures  of  the  individual 
phases  in  phase-separated  glasses. 

X-ray  diffraction  studies  carried  out  during  the  past  10-15  years  have  establish¬ 
ed  that  the  random  network  model  provides  the  best  description  of  the  structure 
of  a  number  of  simple  glasses,  including  Si()?,  GeO^ ,  and  a  number  of  alkali 
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silicates.  Kxperimental  techniques  were  developed  to  eliminate  problems  associated 
with  Compton  scattering  and  permit  reliable  data  to  be  obtained  out  to  large 
values  of  s  in*'/ •  (here  is  the  diffraction  angle  and  K  is  the  wavelength). 

Compton  scattering  is  of  particular  concern  for  materials  composed  of  elements  of 
low  atomic  number,  and  hence  for  many  of  tin-  important  oxide  glasses.  In  the  case 
of  e.g.  ,  at  large  values  of  sin  •/  •  ,  the  incoherent  Compton  scattering, 

which  contains  no  structural  information,  exceeds  the  coher  t  scattering  by  a 
factor  ot  about  four. 

In  an  al  ready-** l ass  i  c  paper,  Mozzi  and  Warren  ( 1 9(>9 )  used  the  teennique  ot 
fluorescence  excitation  to  eliminate  the  Compton  scattering  and  determine  tne 
structure  of  glassy  SiO-».  They  feuind  the  random  network,  model  lo  provide  Liu.*  best 
representation  ot  the  structure;  and  they  determined  that  tin-  essential  structural 
randomness  of  the-  glass  resulted  noth  from  a  variation  in  Si-O-Si  bond  .ingles, 
which  is  notably  broader  than  thaL  of  cri  st  obal  i  te ,  as  well  as  from  a  distribution 
of  rotation  angles  of  one  tetrahedron  with  respect  to  an  adjacent  let  rattcurou , 

In  tliis  and  subsequent  studies  of  glassy  SiO,,  no  evidence  was  found  for  eite 
edge- opposi t e-f ace  orientations  of  t e L railed ra  which  are  commonly  seen  in  crystal¬ 
line  si  1 i cates  . 

In  the  case  of  lieif,,  it  was  found  (Chlmann  and  Wicks,  1979)  tiiat  the  distribution 
of  Ce- C-Ce  angles  Tn  the  glass  is  nearly  as  sharp  as  that  in  the  crystal.  It  was 
suggested  that  the  essential  strucLur.il  randomness  of  glassy  CcOj  results  from  a 
random  distribution  of  rotation  angles  of  one  tetrahedron  with  respect  lo  an 
adjacent  f  rf  rabedron, 

Wicks  and  l  iilmann  also  louad  that  the  random  m  lvcrk  model  provided  the  nest 
representat i on  of  the  structure  ot  a  number  of  single-phase  alkali  silicate 
glasses.  T  »i:ie  evidence  was  found,  however,  for  the  pairing  of  alkali  ions  in 
Lite  structure,  other  evidence  for  pairing  has  been  provided  by  other  diffraction 
studies  of  mui t i component  glasses  (see  the  excellent  review  ot  this  and  other 
aspects  ot  the  structure  of  oxide  glasses  hv  I’ora i-Kosh its,  1977). 

Other  workers  have  interpreted  di ft  ruction  data  on  these  glasses  using  modified 
crystallite  models  (e.g.,  Konnert  and  Karle,  1473).  Strong  support  for  the 
random  network  model  has,  however,  been  provided  by  a  series  of  small  angle  X-ray 
scattering  studies  (Weinberg,  14b2;  Pierre  et  al  . ,  1972;  Kenninger  and  liilmann, 

1974;  Poral-Kosh  its  et  al.,  1974).  Kor  botli  SiO>  nixl  (leOo,  an  asymptotic  small 
angle  intensity  is  observed,  whose  magnitude  is  within  a  factor  of  1,5  of  that 
predicted  from  thermodynamic  fluctuation  theory  for  thermal  density  fluctuations 
frozen-in  at  the  glass  transition.  Those  findings  provide  strong  evidence  against 
tiie  occurrence  of  crystallites  as  the  basic  structural  units  of  the  materials. 

An  interesting  question  has  arisen  concerning  whether  the  thermal  density 
fluctuations  are  in  fact  frozen-in  at  the  glass  transition,  or  whether  one  should 
anticipate  a  change  in  the  fluctuation  scattering  with  decreasing  temperature 
below  the  glass  transition.  Kor  a  number  of  glassy  polymers,  Wend or ff  and 
Kischer  (1973)  found  in  an  important  study  that  the  asymptotic  scattering  de¬ 
creased  linearly  with  falling  temperature  below  the  glass  transition. 

In  the  case  of  SiOo,  a  beautiful  investigation  of  this  issue  was  carried  out  by 
Porai-Kosh i ts  et  al,  (1974),  who  measured  the  asymptotic  small  angle  X-ray 
scattering  from  glassy  SfO^  over  a  range  from  room  temperature  to  1000°C.  It  was 
found  that  the  level  of  asymptotic  scattering  was  constant  over  this  broad  range 
of  temperature,  indicating  strongly  that  the  thermal  density  fluctuations  are 
frozen-in  at  the  glass  transition.  The  origin  of  the  difference  in  behavior 
between  polymer  glasses  and  oxide  glasses  remains  unexplained. 

If  the  wide  angle  X-ray  diffraction  studies  of  S 10>  and  glasses  indicate 

random  network  structures,  how  is  one  to  explain  the  electron  microscope 
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observations.1  This  issue  was  addressed  by  Seward  and  l  hlrnann  (1972)  who  carried 
out  detailed  electron  microscope  observations  of  glassy  SiUt,  it  was  found  Lhat 
heterogeneities  were  only  sometimes  seen,  and  when  seen,  depended  on  the  tech¬ 
niques  used  to  j'repare  samples  for  the  electron  microscope  observations.  it  was 
suggested,  therefore,  that  the  original  observations  oi  heterogeneities  in  the 
single-phase  glasses  should  not  he  taken  as  representative  of  the  structure  of 
Lite  materials. 

In  the  case  of  BjO-j,  the  structure  does  not  smi  to  he  composed  el  a  random 
network  of  BO^  triangles.  Rather,  a  random  array  of  boroxyl  uniLs  was  suggested 
by  Mozzi  and  Warren  (1970),  while  an  array  of  twisting  ribbons  of  triangles 
without  inter-ribbon  correlations  was  suggested  by  Funlevey  and  hooper  (197b). 

For  all  of  the  oxide  glasses  studied  using  modern  diffraction  and  computational 
techniques,  the  best  representations  of  the  structure  are  not  provided  by  models 
based  on  crystallites,  micelles  or  nodules,  paracrystals,  or  structures  having 
five-fold  symmetries.  Rather,  the  best  descriptions  of  the  structure  seem  to  be 
provided  by  random  array  models.  At  least  in  the  case  of  B-->0j,  ihe  random  arrays 
are  of  units  larger  than  the  basic  structural  unit  of  the  material  (BOj  triangles). 
I'his  may  hold  as  well  for  other  glasses,  where  the  random  network  may  consist  of 
entities  larger  in  scale  than  the  fundamental  units  of  the  structure. 

Polymer  Classes 

In  the  vase  of  glassy  theriuoplasties,  the  structural  model  ol'  a  random  coil 
achieved  wide  acceptance,  similar  to  that  accorded  to  the  random  network  model 
in  the  case  of  oxide  glasses.  This  acceptance  was  based  on  a  number  of  findings, 
which  have  been  summarized  by  Flory  (1972).  These  include:  (1)  treatments  of 
models  for  liquids  of  chain  molecules  strongly  suggest  that  states  ol  intermediate 
order  between  that  of  a  crystal  and  a  liquid  with  only  short  range  order  have 
higher  free  energy  than  the  crystal  or  liquid;  (2)  dilution  of  a  bulk  polymer 
changes  the  elastic  modulus  gradually,  and  by  only  a  few  percent  for  dilutions 
as  large  as  20.,  in  contrast  to  the  rapid  change  with  small  dilutions  expected  for 
initial  packing  of  chains  to  high  density;  13)  the  close  agreement  ol  the  mean 
square  chain  length  of  the  free  chain  determined  from  stress-temperature 
coefficients  of  bulk  polymer  networks  with  those  determined  from  the  intrinsic 
viscosities  (evaluated  for  infinite  dilution)  of  the  same  polymers;  (4)  the  close 
agreement  of  the  mean  square  chain  length  of  the  free  chain  determined  from 
vyclization  equilibria  in  bulk  and  in  solution,  as  well  as  from  intrinsic 
viscosities;  and  (5)  the  similarity  of  thermodynamic  interaction  parameters 
evaluated  from  vapor  pressures  and  from  chromatographic  measurements. 

Direct  wide  angle  X-ray  scattering  studies  of  amorphous  polymers  date  back  to  the 
well-known  investigation  of  Simard  and  Warren  (193b)  of  natural  rubber.  It  was 
indicated  by  these  workers  that  it  was  not  necessary  to  make  any  specific 
assumptions  as  to  the  mutual  orientations  of  the  chains  in  order  to  describe  the 
X-ray  diffraction  pattern  and  derived  radial  distribution  function.  A  number 
ol  subsequent  investigators  applying  wide  angle  X-ray  diffraction  techniques  to 
the  determination  of  polymer  structures  also  indicated  that  no  definite  conclusion 
cou Id  be  made  concerning  the  intermolecular  chain  packing,  while  some  workers 
suggested  that  their  data  indicated  the  presence  of  frequently-occurring  and 
relatively  sharp  intermolecular  distances  (and  hence  some  local  ordering  of  the 
chains) . 

Consideration  of  the  criticality  of  diffraction  data  at  large  sin  t' / X  for  making 
precise  structural  determinations  of  amorphous  materials,  the  Importance  of  Compton 
scattering  at  large  sin  0 /  \  (which  can  exceed  the  coherent  scattering  by  more  than 
an  order  of  magnitude  in  case  of  the  hydrocarbon  polymers)  and  the  fact  that  the 
techniques  used  in  these  investigations  did  not  satisfactorily  eliminate  or 
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ttiermoplust  ies  should  Ik-  regarded  as  random  amorphous  arrays,  with  small  concen¬ 
tration.*,  of  heterogeneities  super  imposed  on  Lhormal  density  fluctuations  frozen" 
in  at  tin-  glass  transition. 

Similar  observations  of  hoterogene i L ies  have  boon  made  for  thermoset t ing  polvmers. 
!iot erogetie i  t  i os ,  general  Iv  on  a  si'.ili'  of  bo- TOOO  A  and  present  in  large  volume 
t t  ael  ions,  have  boon  observed  in  transmission  electron  microscope  studies  of  a 
ntimber  of  cured  epoxv  resins.  Among  such  studies  those  of  Koutskv  and  his  co- 
uorkers  (W71*,  e .  g .  )  and  of  Morgan  and  O'Neal  (1979,  c.g,)  have  provided  the  most 
ilear-eut  evidence  for  the  presenoe  of  strueturai  inhomogene i t ies ,  The  former 
workers  used  repliea  electron  microsoopv  and  observed  heterogeneities  (whleti  they 
termed  nodular  st rue  lures)  on  free  surfaces,  fracture  surfaces  and  etched  surfaces 
at  epoxv  re  ,  in-.  ot  widelv  different  cures  and  chemistries.  Further,  the  hetero- 
ti<-  i  t  i  «‘S  were  reported  to  align  in  the  direction  of  crack  propagation  (perpend  i~ 
iiil.ir  to  liu  i  i-.u  k  front)  on  fracture  of  the  epoxy  specimens.  The  sizes  of  the 
hfterogcMei t ies  seen  in  those  studies  were  generally  in  the  range  of  100- '100  A. 

Morgan  and  o'NVal  used  both  replica  and  direct- transmission  electron  mi croscopy  as 
well  a.  s.  anvitn;  electron  microscopy  to  characterize  the  structural  features  of 
epoxv  resins.  Ihev  reported  heterogeneities  on  a  number  of  scales,  with  particles 
no-no  X  In  diameter  suggested  as  intramolecular! v  cross linked  molecular  domains 
which  could  interconnect  to  form  larger  network  arrays. 

A  recent  snail  ancle  X-ray  scattering  study  of  three  epoxy  resins  (Natyi  et  al., 
1980)  indicated  the  presence  of  heterogeneities,  with  the  largest  concent  rat  ions 
in  the  range  about  ISO  A  in  size.  If  the  densities  of  these  heterogeneities 
differ  onlv  slightlv  from  that  of  the  matrix,  as  expected  for  epoxy  resins,  thev 
could  be  present  in  large  concentrations. 

These  observations  seemed  at  variance  with  the  original  model  of  network  structure 
(Florv,  19^1)  which  predicted  that  a  polymer  network  would  he  homogeneous  with 
crosslinks  distributed  throughout  the  material.  More  recent  theoretical  studies 
of  network  formation  (e.g.,  Solomon,  I9b7)  have  suggested  that  the  formation  of 
inhomogeru-i t ies  should  he  a  frequent  if  not  general Iv  expected  occurrence  in  the 
svnthesis  of  networks.  Regions  differing  in  crosslink  donsitv  were  suggested  to 
he  formed  in  the  polymer,  with  their  extent  depending  on  the  chemistry  of  the 
svstems  and  the  polvmer izat ion  conditions. 

Recent  work  in  our  laboratorv  (Pi  Filippo  et  al.,  1980)  has  shed  new  light  on  the 
question.  Kpon  828  epoxy  resins  were  cured  with  tr iethv 1 enetet r j ami ne  (HT'A) 
following  two  approaches:  the  first,  the  samples  were  mixed  and  cured  at  a  single 
elevated  temperature;  in  the  second,  the  samples  were  mixed  and  allowed  to  stand 
at  room  temperature  prior  to  curing  at  the  elevated  temperature.  Transmission 
electron  microscope  of  microtomed  and  stained  samples  of  these  epoxies,  using  the 
technique  of  V.  contrast,  indicate  a  homogeneous  structure  for  the  samples  which 
were  not  held  at  room  temperature,  and  a  homogeneous  mi crostruc turn ,  with  hetero¬ 
geneities  on  a  scale  of  100-200  A,  for  the  samples  which  were  held  at  room  tem¬ 
perature  prior  to  curing. 

These  results  provide  striking  support  for  the  original  suggestion  of  Florv.  The 
development  ot  heterogeneities  seems  to  be  associated,  not  with  general  conditions 
of  network  formation,  but  rather  with  a  phase  separation  process  which  yields 
regions  with  different  concentrat ions  of  the  curing  agent  at  room  temperature.  On 
subsequent  reheating,  these  regions  do  not  go  hack  into  solution  because  of  the 
development  of  some  cross  I  inking  during  the  room  temperature  hold;  and  hetero¬ 
geneous  structures  are  produced  during  the  cure. 

As  indicated  hv  this  discussion,  the  phenomenon  of  phase  separation,  which  took 
the  field  of  oxide  glasses  bv  storm  in  the  late  I950*s  and  early  I960*s,  also  has 
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its  analogue  in  the  case  of  polymers,  where  it  has  long  been  recognized.  Before 
discussing  this  in  detail,  it  is  Important  to  recognize  that  even  simple  polvraers 
represent  rather  complicated  solutions.  That  is,  they  consist  of  molecules  having 
different  chain  lengths  (different  molecular  weights).  In  addition,  most  commer¬ 
cial  polymers  contain  modest  to  significant  concentrations  of  various  additives 
such  as  heat  stabilizers,  ultraviolet  stabilizers  and  process  aids. 

When  two  different  polymers  are  mixed,  homogeneous  phases  such  as  occur  widelv  in 
metallic  and  oxide  systems  are  seldom  formed.  In  most  cases,  mixtures  of 
polymers  are  characterized  by  immlscibility.  The  change  in  entropy  on  mixing 
long  chain  polymer  molecules  is  generally  quite  small.  Since  the  enthalpy  of 
mixing  is  generally  positive,  it  is  therefore  not  surprising  that  most  chemically 
different  polymers  do  not  mix. 

The  standard  thermodynamic  theory  for  the  mixing  of  polymers  is  based  on  the 
classical  Flory-Huggins  theory  (see  Florv,  1953).  More  sophisticated  theories  of 
polymer  solutions  (e.g.,  Florv,  1965)  have  been  developed  and  applied  to  the 
calculation  of  phase  diagrams  for  polymer  mixtures. 

When  the  different  polymers  are  covalently  bonded  to  each  other  as  in  block 
copolymers,  the  thermodynamics  of  phase  separation  required  modification.  Des¬ 
criptions  of  the  thermodynamic  of  such  systems  have  been  developed  by  a  number  of 
investigators  (e.g.,  Krause,  1970);  and  the  understanding  and  control  of  micro- 
structures  in  copolymer  systems  are  areas  of  considerable  activity  at  the  present 
t  irae. 

The  general  incompatibility  of  different  polymers  prevents  the  preparation  of 
useful  blends  when  the  phase  separation  is  macroscopic,  but  polymers  having 
notably  improved  properties  (e.g..  Impact  resistance)  can  be  obtained  when  the 
phase  separation  occurs  on  microscopic  or  submicroseopic  scale.  In  the  case  of 
block  copolymers,  the  scale  and  form  of  the  separated  structures  can  he  varied 
by  changing  the  lengths  of  the  blocks  and  the  thermal  and  chemical  histories  of 
the  samples. 

The  morphology  of  phase-separated  polymers  often  takes  the  form  of  spherical 
particles  of  one  phase  embedded  in  a  matrix  of  a  second  phase.  Other  morphologies, 
specifically  cylinders  and  lamellae,  are  observed  with  increasing  volume  fraction 
of  second-phase  material.  In  addition  to  changing  morphologv  bv  changing  com¬ 
position,  the  morphology  of  two-phase  block  copolymers  can  also  be  changed  by 
changing  the  casting  solvent  as  well  as  by  thermal  historv.  The  effect  of 
solvents  on  the  morphology  can  be  associated  with  the  solvation  power  of  the 
solvents  for  the  repsective  blocks. 

The  structural  features  of  heterogeneous  polymer  systems  have  been  summarized  by 
several  authors  (e.g.,  Shen  and  Kawai,  1977).  Evidence  for  interconnected  micro¬ 
structures,  such  as  those  often  seen  in  Che  centra]  regions  of  miscibility  gaps 
in  oxide  systems,  have  been  reported  in  some  instances  (e.g..  Smolders  et  al . , 
1971);  but  these  are  relatively  rare  in  polymer  systems. 

CRYSTALLIZATION  AND  GLASS  FORMATION 

It  is  recognized  bv  all  at  this  Conference  that  the  occurrence  of  glasses  is  a 
widespread  phenomenon  in  both  oxide  and  polymer  systems.  It  is  customary  in  both 
these  fields  of  technologv  to  speak  of  glass-forming  and  non-glass  forming 
materials,  where  reference  is  implicitly  made  to  the  ease  of  cooling  liquids  in 
bulk  form  to  produce  amorphous  solids. 

It  has  been  noted,  however,  that  nearly  any  liquid  will  form  a  glass  if  cooled 
sufficiently  rapidly,  and  will  form  a  crvstalllne  or  partlv  crystalline  body  if 
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coaled  sufficiently  slowly.  On  this  basis,  it  was  suggested  (Uhlmann,  1972a)  that 
the  question  to  be  addressed  in  considering  glass  formation  is  not  WHETHER  a 
Liquid  will  form  a  glass  but  rather  HOW  FAST  must  the  liquid  be  cooled  in  order 
that  detectable  crvstallinitv  be  avoided. 

Among  the  few  cases  where  the  rate  of  cooling  is  not  significant  in  the  formation 
of  a  glass  are  the  atactic  polymers ,  whose  lack  of  stereo- regular i tv  along  the 
chain  imposes  configurational  constraints  on  their  ability  to  crystallize.  While 
such  polymers  may  form  liquid  crystalline  arrays,  particularly  when  highly 
oriented,  they  will  not  develop  three-dimensional  crystallinity  no  matter  how 
slowly  they  are  cooled.  For  stereoregular  polymers,  on  the  other  hand,  the 
importance  of  cooling  rate  is  similar  to  that  for  oxides  and  other  materials  when 
considering  glass  formation. 

In  estimating  the  minimum  cooling  rate  required  to  form  a  glass  of  a  given  material 
(termed  the  critical  cooling  rate),  several  kinetic  treatments  have  been  advanced. 
The  most  general  of  these,  based  on  the  treatment  of  crystallization  statistics 
(Hopper  et  al.,  1974),  provides  a  detailed  description  of  the  state  of  crystal¬ 
linity  In  a  body,  and  can  describe  phenomena  such  as  crystallization  on  reheating 
a  glass  and  the  effects  of  nucleating  heterogeneities  on  glass  formation  (see, 
o.g.,  Onorato  and  l-hlmann,  1976,  and  Onorato  et  al.,  1980). 

By  applying  the  kinetic  treatment  to  a  variety  of  materials,  both  organic  and 
inorganic,  it  has  been  found  that  glass  Formation  is  favored  by  a  large  viscosity 
at  the  melting  point  (found  for  many  good  oxide  g lass- formers) ,  a  large  rate  of 
increase  of  viscosity  with  falling  temperature  below  the  melting  point  (found  for 
many  good  organic  glass- formers) ,  large  crystal- 1 iquid  surface  free  energies  and 
hence  large  barriers  to  crystal-nuclear  ion,  the  absence  of  potent  nucleating 
heterogeneities  and  the  requirement  for  appreciable  solute  redistribution  for 
crystallization  to  take  place.  Derived  from  these  findings  are  suggestions  that 
glass  formation  is  favored  bv  a  large  entropy  of  fusion,  by  a  large  value  of 
T  /T„  (glass  transition  temperature/me 2 t l ng  point),  br  formulations  which  include 
sizable  concentrations  of  fluxes  (e.g. ,  PhO,  FeO)  in  the  case  of  oxide  melts  and 
the  relative  absence  of  "crud"  in  polymer  melts,  bv  superheating  the  liquid  prior 
to  cooling,  and  bv  formulating  the  liquid  as  a  “garbage  dump"  of  ingredients  in 
the  cases  where  phase  separation  can  be  avoided. 


VI SOU'S  FLOW  BEHAVIOR 

Since  the  formation  of  glasses  depends  so  critically  on  the  kinetics  of  crystal¬ 
lization  relative  to  cooling  rates,  and  the  kinetics  of  crystallization  in  turn 
depend  on  the  viscosity,  it  seems  useful  to  compare  briefly  the  viscous  flow  and 
crystallization  behavior  of  oxide  and  polymer  liquids. 

Oxide  Liquids 

Under  most  experimental  conditions,  the  viscosity  of  oxide  liquids  is  Newtonian  in 
character,  with  the  viscosity  being  Independent  of  stress.  In  the  range  of  very 
high  stresses,  in  the  range  of  10^  dynes/cm1-,  as  the  glass  transition  is  approached, 
the  viscosity  is  observed  (e.g.,  1.1  and  Uhlmann,  1970a)  to  decrease  with  increas¬ 
ing  stress  or  shear  rate  (shear  thinning  behavior). 

For  small  compositional  changes  near  the  end-member  network  oxides  (as  S102  and 
GeOry ) ,  there  is  a  strong  effect  of  composition  on  the  viscosity;  and  even 
adventitious  impurities  such  as  H^O  can  have  a  significant  effect.  For  complex 
multicomponent  liquids  on  the  other  band,  more  modest-effects  of  compositional 
changes  are  observed;  and  adventitious  impurities  generally  have  only  minor  effects 
on  viscosity. 
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Polymer  Liquids 

Tin*  motions  involved  in  the  viscous  flow  of  polymers  involve  segments  of  the 
polymer  chain.  Tin*  viscous  flow  behavior  is  non-Newtonian  in  character  (shear 
thinning)  at  even  modest  stresses  or  shear  rates,  hut  is  Newtonian  at  sufficient¬ 
ly  small  shear  rates.  The  usual  non- New Ionian  behavior  is  associated  with  t  he 
effects  of  chain  entanglements  (o.g. ,  Huecho,  1067);  hut  a  tullv  sat isfaetorv 
description  of  these  effects  remains  to  be  provided. 

There  is  a  pronounced  effect  of  the  molecular  weight  on  lift  viscositv  of  polvnu  r 
liquids.  For  polvmers  of  sufficientlv  high  molecular  weight,  the  viscositv  in 
the  fluid  range  increases  approximate lv  as  M^*  where  M  is  the  weight  average 
molecular  weight.  At  temperatures  approaching  the  glass  transition*  tin*  molecular 
weight  affects  the  temperature  dependence  of  tin  viscositv  rather  than  tin- 
viscosity  itself;  and  the  glass  transition  temperature  is  appr<  imatelv  indepen- 
dent  of  molecular  weight  above  some  mode's t  molecular  weight. 

The  temperature  dependence  of  the  viscositv  at  low  shear  stresses  in  the  fluid 
range  seems  well  described  bv  a  free  volume  model.  The  compositional  dependence 
of  the  viscosity*  even  near  end-member  components,  is  not  so  dramatic  as  in  tin- 
case  of  oxides.  Free  volume  concepts  provide  a  reasonable  description  of  the 
effects  of  composition,  although  excess  entropy  treatments  have  also  provided 
useful  insights.  The  viscositv  of  both  single-component  and  multicomponent  mi- Its 
is  strongly  affected  bv  the  molecular  architecture  of  the  chains  (sec,  e.g., 
discussion  in  Buoche,  19h7). 

When  oxide  and  polvmer  liquids  are  compared,  the  good  oxide  glass'  formers  are 
generally  characterized  bv  higher  viscosities  at  their  melting  points  than  polymer 
liquids;  while  ervsta  1 1 izab le  polvmers  which  readily  form  lasses  usually  have  a 
higher  rate  of  increase  in  viscositv  with  falling  temperature  below  the  melting 
point. 
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Oxide  I iquids 

As  first  suggested  bv  . lacks, >n  (1{'>8)*  the  entropv  of  fusion  is  of  groat  importance 
in  considering  the  <  rvst a  I | j /at  i on  and  milling  behavior  of  materials.  As  noted 
bv  Ihlmann  (Ibr.'b),  low  entropv  of  fusion  materials  ('S^<2K')  have  non-faected 
interfaces  in  both  ervsta  1 1  i  /.at  Con  and  melting;  the  ervsta  11  i  zat  i  on  kinetics  are 
largely  isotropic;  the  fraction  of  preferred  growth  sites  on  the  crvstal - 1 iqu id 
interface  is  independent  of  undercooling  and  superheat;  tin-  kinetics  are  weff 
described  bv  the  norn.il  growth  model;  defects  do  not  significantly  affect  the 
kinetics;  and  the  crvstal  1  i/.at  ion  and  melting  data  are  continuous  with  similar 
slope  through  tiie  melting  point 

In  contrast,  high  entropv  of  fusion  materials  (,S^'**R)  have  faceted  interfaces  in 
crvstal l izat ion  and  non- fare ted  interfaces  in  melting;  the  crystal  1 izat ion 
kinetics  are  anisotropic ;  the  fraction  of  preferred  growth  sites  on  the  interface 
increases  with  increasing  undercooling;  for  most  materials*  the  details  of  the 
crystal H zat ion  kinetics  are  not  well  described  bv  anv  theoretical  model,  although 
growth  bv  some  form  of  a  surface  nucleation  mechanism  is  indicated  in  many  cases; 
defects  are  important  in  growth;  and  molting  is  more  rapid  than  crystallization 
at  given  small  departures  from  equilibrium. 

Of  particular  note  for  comparing  the  ervsta 1 1 i zat i on  behavior  of  oxides  and 
polvmers,  it  may  be  observed  that  spherulitic  growth  morphologies  are  observed  in 
the  crystallization  of  high  entropv  of  fusion  materials  under  conditions  of  high 
undercooling  and  in  the  presence  of  impurities.  I’nder  conditions  where  the  melt 
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contains  concent  rut  ions  of  impurities  in  the  range  of  several  percent  or  more, 
the  crystallization  kinetics  become  dominated  bv  difftisinnnl  processes,  and 
dendritic  growth  morphologies  are  observed. 

Also  of  particular  note,  the  frequency  factor  for  transport  at  the  crystal- 1 iqu id 
interface  has  been  found  to  scale  with  the  melt  viscosity.  In  detail,  the 
coefficient  relating  these  two  quantities  is  larger  than  that  given  by  the 
Stokes-Kinstein  relation  by  about  a  factor  of  10.  The  observed  relation  between 
the  kinetic  coefficient  at  the  interface  and  the  bulk  viscosity  is  consistent 
with  the  reconstruction  of  the  structure  at  the  interface  involving  molecular 
rearrangements  whion  are. similar  to  those  involved  in  viscous  flow  (see  discussion 
in  Uilmann,  1972b). 

Polvmer  1  i quids 

Hie  entropv  of  fusion  of  polvmer  I (quids  is  high  according  to  Jackson's  criterion 
(Jackson,  lr>>8).  For  typical  flexible  chain  polymers,  consisting  of  a  distribu¬ 
tion  of  molecular  weights,  spherulitic  growth  morphologies  arc  observed  under 
almost  all  quiescent  crystallization  conditions,  lor  polymers,  as  for  oxides, 
there  is  need  for  a  model  to  describe  spherulitic  growth.  The  treatment  which 
has  been  most  widely  used  in  the  polvmer  field,  based  on  interface  instability 
due  to  cons t i tut iona I  supercool ing,  predicts  in  detail  the  wrong  dimensions  of 
the  substructures  of  the  sphorul 1 t es. 

U'hen  flexible  chain  polvmers  are  crystallized  under  conditions  of  flow,  so-called 
row  nucleated  structures  are  produced.  Tbesy  structure*  consist  of  stacked 
lamellar  plates,  oriented  perpend icu ! ar  to  the  direction  of  flow,  which  have  been 
likened  to  shish  kebob  structures. 

The  more  familiar  spherulitic  structures  consist  of  radiating  nrravs  of  lamellar 
plates,  typical  Iv  about  100-200  A  in  thickness  (much  smaller  than  the  sizes  of 
the  radiating  structures  in  oxide  spheral ites).  These  plates  are  separated  by 
an  amorphous  phase,  which  typically  occupies  about  half  the  volume  of  the 
spherulite  (also  in  contrast  to  ox i tie  sphorul ites,  which  generally  are  complete¬ 
ly  crystalline). 

I'he  lamellar  plates  in  polvmer  spheral ites  often  branch  as  they  grow.  The 
branching  is  usually  low- angle  and  non-crystal lographic.  Twisting  of  the  plates, 
verv  likelv  associated  with  stresses  .it  their  surfaces,  is  also  observed.  In 
addition,  there  is  a  central  region  of  the  spheral ites  whose  character  is 
different  but  inadequately  characterized  (where  the  original  nucleation  took 
place).  Finally,  th« re  are  additives  such  as  stabilizers  and  process  acids, 
which  are  found  principally  in  the  amorphous  regions  and  inter-spberul ite 
boundaries,  and  of  particular  interest  at  the  present  time,  there  are  so-called 
tii-  molecules  which  bridge  between  adjacent  crystal  plates.  Kven  a  simple  semi- 
crystalline  polvmer  like  polvolhvlene  is  thus  a  rather  complicated  composite 
material.  For  further  information  on  polvmer  spheral ites,  see  Sharpies  (1966), 
Mandlekern  (1964)  and  Hiliann  and  Kolbeok  (197a). 

The  polvmer  molecules  in  the  crystal  lamellar  are  oriented  perpend i cu 1 ar  to  the 
Mat  faces  of  tin-  plates;  and  since  the  molecules  are  usually  much  longer  than 
the  plate  thickness,  it  baa  been  suggested  that  the  molecules  fold  back  and  forth 
during  «  rvst at  1 f rat  Ion.  The  nature  of  this  folding  has  been  suggested  bv  manv 
authors  to  take  place  with  adjacent  re-ontrv;  i.r.,  the  polvmer  chain  re-enters 
the  plate  adjacent  to  where  it  exited  (e.g.,  Hoffman,  1964). 

An  alternative  view  of  the  structure  of  the  lame  1 1 ar  pi  at  es  was  provided  bv  Florv 
( 1 9 r>  1) ,  who  suggested  a  mode  I  for  the  surfaces  of  the  plates  which  resembles  a 
telephone  switchboard,  with  little  adjacent  ro-ontrv,  much  ro-entrv  to  a  given 
plate  at  positions  removed  from  the  exit  point,  and  manv  interconnections  between 
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lamellae.  The  differences  between  these  views  of  the  structure  of  the  lamellae 
plates  in  melt  c:rvs tal 1 ized  flexible  chain  polymers  are  shown  schematically  in 
Fig.  5. 


Schematic  illustration  of  lamellar  plates  in  semi-crvstalline  polymers.  Top 
figure  shows  switchboard  model;  bottom  figure  shows  model  of  adjacent  re-entry 
folding. 


In  many  parts  of  the  polvmer  community,  the  model  of  adjacent  re-entry  folding 
was  accepted  almost  as  the  word  of  Clod  revealed  to  man.  This  acceptance  was 
based  on  the  basic  simplicity  of  the  model  and  on  suggestions  such  as  the  surface 
energies  of  folded-chain  adjacent  re-entry  configurations  are  smaller  than 
switchboard  conf igurat ions .  This  was  deemed  noteworthy  since  the  model  for 
growth  involved  a  surface  nucleation  mechanism  with  the  critical  nucleus  a  single 
chain  segment  extending  across  the  crystal  face  and  folding. 

Serious  objections  were,  however,  raised  by  some  workers  to  the  model  of  adjacent 
re-entrv  folding.  The  most  extensive  and  wide-ranging  series  of  investigations 
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in  this  regard  were  carried  out  by  Mandelkern  and  his  co-workers  (see  summary  in 
Mandelkern,  197b).  Calvert  and  I'hlmann  (1972)  suggested  a  different  model  for 
the  growth  nucleus,  and  suggested  that  "A  surface  structure  resembling  a 
switchboard  would  then  be  expected,  possibly  a  switchboard  with  many  of  the  lines 
hanging  out." 

For  many  workers,  however,  the  results  of  small  angle  neutron  scattering  studies 
of  semi-crystal  1 ine  polymers  such  as  polyethylene  came  as  a  surprise  if  not  a 
shock.  These  studies  (e.g.,  Sadler  and  Keller,  1977;  Summerfield  et  aL.,  1978; 
Schelten  et  al.,  197b;  l.ieser  et  al.,  197S)  indicated  radii  of  gyration  of  the 
crystallized  polvmers  which  are  eloselv  similar  to  those  in  the  melt  and  in  a  G 
solvent.  Further,  detailed  calculations  of  the  scattered  intensity  by  Yoon 
and  Flory  (1977,  1980)  indicate  that  the  measured  scattering  is  inconsistent  with 
the  model  of  adjacent  re-ontrv  folding  and  indicates  an  average  distance  between 
re-entry  points  of  some  or  b  chain  diameters. 

it  was  suggested,  therefore  (Klorv  and  Yoon,  1^78),  that  during  the  crystal  1 iza- 
tion  of  a  flexible  chain  polvmer  from  the  mil,  segments  of  the  chains  of  about 
100-200  X  in  length  can  rearrange  into  crystalline  arrays.  The  residual  amorphous 
material,  which  would  he  highly  entangled,  is  then  trapped  in  the  regions  between 
the  individual  crvsLal line  plates.  Such  a  process  would  produce  a  switchboard 
type  of  structure  with  a  large  number  of  t ii  molecules  bridging  the  lamellae 
plates  and  with  a  high  degree  of  chain  entanglement  in  the  residual  amorphous 
phase.  Similar  conclusions  were  re;n  bed  by  culvert  and  I'hlmann  (1972)  based  on 
calculations  of  crystallization  kinetics  and  lamellar  thicknesses.  The  con¬ 
clusion  of  both  these  studies,  as  well  as  t  lie  work  of  Mandelkern  cited  above, 
is  that  there  is  insufficient  time  during  i rvstal 1 izat ion  for  the  chains  to 
disentangle  and  lay  dawn  on  the  interface  as  required  for  adjacent  re-entry 
folding.  The  scale  on  which  the  chain  segments  can  diffuse  (rearrange)  and  form 
regular  arrays  is  calculated  as  about  100-200  A. 

Implicit  in  these  cal cul at  ions  is  the  assumption  that  transport  at  the  interface 
can  be  related  t*>  transport  it;  bulk  liquid  and  will  scale  with  the  viscosity.  As 
noted  in  the  previous  section,  this  assumption  has  been  amply  documented  for 
oxide  liquids;  and  the  case  for  scaling  seems  even  more  persuasive  for  entangled 
polvmer  liquids. 

To  attempt  to  escape  iron  the  implications  of  the  structural  view  presented  above 
in  its  kinetic  aspects,  some  proponents  of  the  adjacent  re-entry  folding  model 
have  suggested  that  the  relation  between  the  interface  kinetic  coefficient  and 
the  viscosity  does  not  hold  for  polvmers.  l.videnre  'for  this  has  been  suggested 
to  be  provided  bv  the  observation  of  apparently  amorphous  pel. ethylene  crystal¬ 
lizing  In  reasonable  times  at  temperatures  below  its  glass  transition  (Tones  et 
al.,  1979). 

It  is  significant  in  this  regard  th.it  t ho  apparently  amorphous  polyethylene  was 
produced  under  conditions  (casting  from  solution)  where  the  possibility  of  re¬ 
tained  solvent  is  real.  The  situation  is  similar  to  that  familiar  to  the  oxide 
glass  community.  Recall,  for  example,  experience  with  glassy  fieO^,  whose  glass 
transition  temperature  is  above  500° C  but  which  will  develop  crystallinity  at 
room  temperature  in  reasonable  periods  when  exposed  to  a  lab  atmosphere.  The 
explanation  in  the  latter  case  seems  to  he  associated  with  crystal  1 izat ion  by  a 
solut ion-recrysta I l Iz »t ion  process  involving  water  adsorbed  from  the  atmosphere; 
ami  a  similar  process  involving  solvent  is  suggested  for  the  results  on 
po 1 vet hv lone. 

Finally,  it  should  >c  noted  that  the  question  of  adjacent  re-entry  folding  has 
not  vet  been  completely  resolved.  Proponents  of  uch  folding  now  suggest  that 
their  model  may  not  be  appropriate  for  the  rap  id l v- quenched  polymers  examined 
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in  the  small  angle  neutron  scattering  studies  (the  oniv  samples  for  which  such 
data  are  available),  hut  that  adjacent,  re-entry  folding  remains  the  dominant 
mode  of  crystallization  under  less-rapid  so  1  id i f i cat  ion  conditions. 


rONL'J.nUNf.  RLMAKKS 

!he  formation  and  structure  of  polvmer  and  oxide  glasses  have  been  considered. 

It  has  been  noted  that  the  structural  character isties  of  polymer  glasses  and 
oxide  glasses  have  many  close  similarities.  Similarities  are  also  seen  in  the 
models  used  to  represent  structure,  and  even  in  the  occurrence  ot  controversies 
with  respect  to  the  existence  of  ordered  regions  as  representative  of  the  bulk 
materials.  In  both  tvpes  of  glasses,  the  occurrence  of  phase  separation  is  an 
important  phenomenon  to  he  considered  in  considering  structural  features  of  multi¬ 
component  svst ems . 

For  both  tvpes  of  glasses,  controversies  concerning  structural  features  seem  to 
be  largelv  resolved;  and  the  structures  seem  best  described  bv  random  array  models 
such  as  the  random  network  or  random  coil.  The  random  array  may,  however,  consist 
of  structural  units  larger  than  the  basic  units  of  the  material. 

I'hc  formation  of  glasses  l  rom  liquids  of  cither  tvpe  involves  cooling  at  a 
si.'.icient  rate  tii.it  detectable  c rvst a l 1 izat ion  is  not  produced.  The  chain 
character  of  polvn-er  me l t s  and  t  c  level  of  chain  entanglement  in  these  melts 
leads  to  non- Newt on  inn  viscous  t  low  behavior  and  highlv  complicated  crystalliza¬ 
tion  microstructures .  The  best  model  for  melt  crvstallized  flexible  chain 
pointers  involves  lamellar  plates.  li'i'-Joo  A  in  thickness,  with  many  molecules 
bridging  adjacent  plates,  manv  molecules  leaving  a  given  plate  and  re-entering 
the  plate  same  di>tan<e  nw.iv,  and  main  chain  cut ang  1  cment s  in  the  amorphous  phase 
between  the  plates.  ibis  model  remains  the  source  of  some  controversy  at  present; 
as  noted  bv  St  oc  km.  in  «r  however,  "although  nobodv  can  win  them  all, 

experienced  Florv-vat chers  are  placing  their  bets. 

it  is  suggested  that  the  kinetic  coefficient  for  transport  at  the  crystal- 1 IquLd 
interface  can  for  tvpic.il  oxides  and  polvniers  be  related  to  the  bulk  viscosity, 
and  that  calculations  ot  crvst  al  l  i  /.at  ion  kinetics  based  on  relations  between 
tnese  two  quantities  can  be  used  in  calculating  tin  cooling  rates  required  to 
form  glasses  of  Uu  respective  materials. 

Final  Is,  in  light  of  the  abundant  evidence  of  similarities  in  concepts,  suggested 
•structure*,  and  phenomena  for  the  different  classes  of  materials,  it  is  hoped  that 
the  coming  decades  will  see  increased  interaction  between  workers  in  the 
polvmer  and  ox  id*  glass  communities.  It  is  expected  that  such  increased  inter¬ 
action  will  i*  Id  appreciable  benefits  for  both  communities. 


A« ’KNOVl  1  iH'. Oil  N  i  S 

Fin.im  ini  support  for  the  present  work  was  provided  bv  Air  Force  Office  ot 
Scientific  Kesear. h  and  the  National  Science  Foundation.  This  support  is 
grate! ul Iv  acknowledged,  as  are  stimulating  discussions  with  Professors  P.  Florv 
of  Stanford  Iniversitv  and  0.  Turnbull  of  Harvard  University. 


*1 


D.R.  uhlmann  '  Polnmer  Glasses  and  Oxide  Glasses 


139 


REFERENCES 

■  ' .  D.  Bernal  (I960)  Scientific  American,  August,  1960. 

F.  Bucche  (1967)  Physical  Properties  of  Pol  vine rs,  Wiley,  New  York. 

J. W.  Cahn  (1965)  J.  Chem.  Phys.  42,  93. 

P.D.  Calvert  and  D.R.  Uhlmann  (1972)  J.  Appl.  Phys.  4^3,  944. 

M.H.  Cohen  and  G.S.  Crest  (1979)  Phys.  Rev.  20B,  1077. 

1).  Cranmer  and  D.R.  Uhlmann  (1980)  "Viscosity  of  Liquid  Albite,  A  Network  Material," 
submitted  for  publication,  J.  Non-Cryst.  Solids. 

U..  hi  Filippo,  J.B.  Vander  Sande  and  D.R.  Uhlmann  (1980)  "On  the  Structure  of 

Classy  Polymers  VII.  Klectron  Microscopv  of  Stained  Polymers",  submitted 
for  publication,  J.  Polymer  Sci. 

F.M.  Dunlevey  and  A.R.  Cooper  (1976)  in  Structure  of  Non-Crystalline  Materials. 

P..I.  Flory  (1953)  Principles  of  Polymer  Chemistry.  Cornell  Univ.  Press. 

P..I.  ’•'lory  (1956)  Proc.  Roy.  Soc.  (Lon.)  A234,  60,  73. 

P.J.  Flory  (1965)  J.  Am.  Chem.  Soc.  87,  1833. 

P.J.  Flory  (1972)  Pure  Appl.  Chem.  Macromol.  Chem.  8,  1. 

P.J.  Flory  and  D.Y.  Yoon  (1978)  Nature  272,  226. 

F.C.  Frank  (1952)  Proc.  Roy.  Soc.  A2J_5,  43. 

P.H.  Ceil  (1975)  .1.  Macromol.  Sci.  (Phvs.)  12 ,  173. 

K. M.  Cvorgy,  K.  Nassau,  M.  Kibshutz,  J.  V.  Waszczak,  C.A.  Wang,  and  J.L.  Shelton 

'  (1979)  J.  Appl.  Phys.  5_0,  2883. 

A.C..I.  Havermans,  H.N.  Stein  and  J.M.  Stevels:  .1.  Non-Cryst.  Solids  5  (1970)  66. 
.1.1).  Huffman  (1964)  SPE  Trans.  4,  315. 

R.W.  Hopper,  G.W.  Scherer  and  D.R.  Uhlmann  (1974)  .1.  Non-Cryst.  Solids  15.,  45. 

R.  Hosemann  and  S.  Bagchi  (1962)  Direct  Analysis  of  Diffraction  of  Matter,  North 
Holland,  Amsterdam. 

F.A.  Hummel  (1957)  Pittsburgh  Ceramist  1. 

K.A.  .Jackson  (1958)  in  Growth  and  Perfection  of  Crystals,  Wiley,  New  York. 

J  .  .Jones,  S.  Barenberg  and  P.H.  Ceil  (1979)  Polymer  20,  903. 

R. G.  Kirste,  W.A.  Kruse  and  K.  Tbel  (1975)  Polymer  j_6,  120. 

J.H.  Konnert  and  J.  Karle  (1973)  Acta  Crvst.  29A,  702. 

S.  Krause  (1970)  Macromol.  J),  84. 

J.  H.  Li  and  D.R.  Uhlmann  (1970a)  J.  Non-Cryst.  Solids  127. 

.1.  H.  Li  and  D.R.  Uhlmann  (1970b)  J.  Non-Cryst.  Solids  J),  205. 


^2^ 


140 


D.R.  Uhlmann  '  Polymer  Classes  and  Oxide  Classes 


(I.  Lieser,  E.W.  Fischer  and  K.  Ibel  (1975)  J.  Polymer  Sci. -Polvmer  Letters 
J_3,  39. 

R.  Lovell,  C.R.  Mitchell  and  A.H.  Windle  (1980)  in  Faraday  Disc.  Chem.  Soc.  68 , 
to  he  published. 

L.  Mandelkern  (1964)  Crystallization  of  Polymers,  McGraw  Hill,  New  York. 

L.  Mandelkern  (1976)  in  Characterization  of  Materials  in  Research,  Syracuse  I'niv. 

Press,  Syracuse. 

K.J.  Matyi,  JJ.K.  Lhlmann  and  .I.A.  Knutskv  (1980)  .1.  Polvmer  Sci.-Phys.  J_8.  1053. 

M.  Meyer,  J.13.  Yander  Sande  and  !>.R.  lhlmann  (1978)  J.  Polymer  Sci.-Phys.  1_6,  200 

J. S.  Mijovic  and  .l.A.  Koutskv  (1979)  .J.  Appl.  Polvmer  Sc  i .  2_3,  1037. 

x.  .1 .  Moigan,  J.C.  O’.V  ,!  and  i».  H.  Miller  (1979)  J .  Mat  Is.  Sci.  14,  109. 

K. L.  Mozzi  and  B.K.  Warren  (1969)  .1.  Appl.  Crvst.  2 ,  164. 

R. I..  Mozzi  and  13. K.  Warren  (1970)  J.  Appl.  Crvst.  J3,  251. 

C.  Nielsen  and  M.  Weinberg  (1979)  T.  Non-Crvst.  Solids  34,  137. 

P.l.K.  t)noruto  and  b.K.  lhlmann  (197^)  j.  Non-Crvst.  Solids  22,  367. 

P.I.K.  Onorato,  :>.K.  lhlmann  and  R.W.  Hopper  (1980)  "A  Kinetic  Treatment  of  Class 
Formation.  IV.  Crystal  1 izat ion  on  Reheating  a  Glass,"  accepted  for 
publication,  i.  Non-i  rvst .  Solids. 

l  .  Patterson  (1976)  .1.  Macromol.  Sci. -Phvs.  1312 ,  27. 

W.  Pechiio  Id  (1971)  in  Mo  1  ecu  lar  Order-Mo  1  ecu  1  ar  Motion:  Their  Response  to 
Macroscopic  Stresses,  Wifev,  New  York. 

A.  Pierre,  D.R.  lhlmann  and  K.N.  Molea  (1972)  .1.  Appl.  Crvst.  5.,  216. 

K.A.  Porai-Koshi t s  (  1977)  .J .  Non-Crvst.  Solids  25,  86. 

F.A.  Poral-Koshits  and  Y.I.  Averianov  (1968)  .1.  Non-Crvst.  Solids  1_,  29. 

K.A.  Porai-Koshits,  V.Y.  Golubkov  and  A.P.  Titov  (1974)  in  Proceedings  X  Intnl. 
Congress  on  Glass,  Kyoto ,  pp .  12,  1-12,  8 

A.F.  Prebus  and  .I.W,  Michener  (1934)  Tnd,  Eng.  Chem.  ^6,  147. 

A.  h.  Renninger  and  D.R.  Lhlmann  (1974)  .1.  Non-Crvst.  Solids  2.6,  325. 

A.L.  Renninger,  G.G.  Wicks  and  D.R.  Lhlmann  (1975)  .1.  Polymer  Sci.-Phys.  2J.»  1247 

E.G.  Rowlands  and  P.F.  James  (1979a)  Phvs.  Chem.  Classes  20 ,  1. 

K.G.  Rowlands  and  P.F.  James  (1979b)  Phvs.  Chem.  Classes  2(),  9. 

D. M.  Sadler  and  A.  Keller  (1977)  Macromolecules  J_0,  1128. 

S.  Sakka  (1980)  "Cnusual  Classes"  in  Frontiers  of  Class  Science,  to  be  published. 


D*R.  I'hlmann  Pol  inner  Classes  anil  Oxide  Classes 


1M 


1 .  Schelten,  D.C.H.  Ballard,  G.D.  Wignall,  G.  Longman  and  W.  Sehmatz  (197b) 
Polvner  _l_7,  7  1  - 

:.W.  Soberer  and  P-G.  Schultz  (1980):  "Unusual  Methods  of  Producing  Glass,"  to 
appear  in  Treatise  on  Glass,  Yol.  3,  Academic  Press,  New  York. 

I'.P.  Seward  and  P.R.  I'hlmann  (1972)  in  Amorphous  Materials,  Wiley,  New  York, 

PP- 

I'.P.  Seward  III,  D.K.  I'hlmann  and  1).  Turnbull  (19b8a)  J.  Am.  Ceram.  Soc.  278. 

r. P.  Seward  III,  P.R.  I'hlmann  and  P.  Turnbull  (19bSb)  .1.  Am.  Ceram.  Soc.  _3J ,  834. 

\.  Sharpies  (I9bb)  I n trod uc t i on  to  Po I vme  r  Crvs  t  a  I  1 i zn  t i on ,  St.  Martin's  Press, 
New  York. 

•1.  Shen  and  H.  Kawai  (1978)  Am.  Inst.  Chem.  Kngr.  J.  24 ,  l. 

I.I..  Simard  and  B.F..  Warren  (193b)  3_S,  307. 

I.H.  Simmons,  P.B.  Macedo,  A.  Napoli tano  and  W.  Haller  (1970)  Disc.  Faraday  Soc. 
H),  TV). 

:. A.  Smolders,  .I..1.  van  Aarlsen  and  A.  Steenbergen  (1971)  Kolloid  z.  u.  X. 

Pi' 1  vme  re  243,  14. 

3.H.  Solomon  (19b7)  .!.  Macromol.  Sci.,  Ki*v.  Mac  renal.  Chem.  Cl,  179. 
v.H.  Sloe  1. mover  (l '*74)  Sc  ience  l_8b,  724. 

I.C.  Summer  f  ie  Id ,  9.S.  King  and  i\.  Chlmann  (1**78)  .f.  App  I .  Cryst.  JJ_»  348. 

L..W.  Tilton  (ll>37)  .1.  Res.  NBS  39,  139. 

3.R.  I'hlmann  (l 972a)  .1.  Non-Crvst.  Solids  7,  3?7. 

) .  R .  Ulil  raann  (197210  in  Advances  in  Nv  ideation  and  Crystal  1  izat  ion  in  Glasses  , 
American  Ceramic  Society,  Columbus, 

i.R.  Chlmann  (1980)  in  Faraday  Disc.  Chem.  Soc.  b_8,  to  be  published. 

’.K.  I'hlmann  and  A.G.  Kolbeck  (1973)  Scientific  American,  December. 

l.R.  Chlmann  and  A.G.  Kolbeck  (197b)  Phvs.  Chem.  Glasses  1 7 ,  14b. 

>.K.  I'hlmann  and  G.G.  Wicks  (1979)  Wiss  X.  Friedr ich-Sehi  1  ler  -  Cniv.  .Iona, 

Math.  Naturwiss  Reiche  28,  231. 

ON.  Yalcnkov  and  K.A.  Porai-Koshits  (193b):  X.  Krist.  9_3,  lgc>. 

s .  Y  o  g  e  1  (19  71)  Structure  and  Crys  La  t  1  i  zat  i  on  of  J  1  asses  ,  Pergamon  New  York. 
i%.  Vogel  (  19773  .1.  Non-Crvst.  Solids  23,  170. 

B.K.  Warren  (1937)  .1.  Appl.  Phys.  8,  b4S. 

B.K.  Warren  (1941)  .1,  Am.  Ceram.  Soc.  24.  23b. 


D.R.  I'hlmann  Pa  Junior  Classes  and  Oxide  Classes 


Warren  and  .1.  Biscoe  (1938)  A.  Am.  We  ram.  Soc.  2_1 ,  49. 

Weinberg  (1962)  .1.  Appl.  I’hvs.  33,  1012. 

IvondorM  and  H.U’»  Fischer  (1973)  Kolloid  u.  Polymore  231 ,  876. 

Wicks  (1973)  Structural  Studies  of  Amorphous  Materials,  1'h.D.  Thesis,  Mil 
Wit»nnll,  D.W.H.  Ballard  and  .1.  Schelten  (1974)  K.urop.  1’olvmer  I.  1_0,  89  1. 
Wij^nall  and  i«'.W.  i.onr.man  (1973)  .1.  Matls.  Sci.  8.  1439. 

Y.  Yen  (1972)  Writ.  Rov.  Macromol.  Whom.  1,  17  3. 

Yoon  and  P.J.  Fiery  (1977)  Polymer  l_8,  309. 

Yoon  and  P..I.  Florv  (1980)  in  Faradav  Disc.  (’hem.  See.  68,  to  he  publish*-. 
Zachariasen  (  1932)  .1.  Am.  Whom.  Sec.  34*  ^41. 
arzyeki  and  K.  Mezard  (1962)  i’hvs.  Whom.  (‘.lasses  J,  L6  3. 


Structure  of  Glassy  Polymers.  VII.  Small-Angle 
X-Ray  Scattering  from  Epoxy  Resins* 

R.  J.  MATYC  and  I).  R.  UHLMANN,  Department  of  Materials  Science  and 
Engineering,  Massachusetts  Institute  of  Technology,  Cambridge, 
Massachusetts  0 2139  and  J.  A.  KOUTSKY,  Department  of  Chemical 
Engineering,  I'nieersity  of  Wisconsin,  Madison,  Wisconsin  53706 


Synopsis 

The  small  angle  x-ray  seatiering  tSAXS)  from  an  Kpon  Ml 2  and  two  Kpon  H28  (one  amine-cured 
and  one  anhydride-cured)  epoxy  resins  has  been  measured  using  a  Bonse-Hart  system.  The  data 
cover  the  angular  range  (201  between  20  sec  and  00  min.  Alter  correction  lor  absorption,  background 
and  vertical  beam  divergence,  they  have  been  placed  on  an  absolute  basis  by  comparison  with  the 
scattering  from  a  previously  studied  polycarbonate  sample.  The  corrected  absolute  intensity  de¬ 
creases  strongly  with  increasing  angle  between  20  sec  and  2  m in.  decreases  more  gradually  between 
2  and  20  :(l>  milt,  and  reaches  a  nearly  constant  asymptotic  value  at  larger  angles.  The  magnitude 
of  the  intensity  in  the  constant -intensity  region  is  close  to  the  value  predicted  by  thermodynamic 
fillet  nation  theory  for  thuds  applied  at  the  glass  transition  temperature.  The  increase  in  intensity 
til  angles  smaller  than  20  :il)  min  is  associated  with  heterogeneities  in  the  cured  resins.  These  het¬ 
erogeneities  cover  a  range  of  sizes  in  all  samples,  front  less  than  100  A  to  more  than  1000  A.  with  the 
most  frequently  occurring  size  in  the  range  loo  2(10  A. 


INTRODUCTION 

The  structures  of  five  glassy  thermoplastics— polycarbonate,  polylmethyl 
methacrylate),  polylethylene  terephthalate),  polv(  vinyl  chloride),  and  poly¬ 
styrene— have  so  far  been  examined  using  small-angle  x-ray  scattering  (SAXS). 
In  each  case.1  5  the  measured  intensity  at  scattering  angles  (2)1)  greater  than 
10-40  min  approaches  or  reaches  the  asymptotic  value  expected  for  thermal 
density  fluctuations  frozen -in  at  the  glass  transition.  At  smaller  angles,  the 
intensity  increases  strongly  with  decreasing  angle.  The  increased  scattering 
at  very  small  angles  was  associated  with  small  concentrations  of  large  (several 
hundred  to  several  thousand  A  diameter)  heterogeneities.  These  heterogeneities 
were  suggested  to  he  extrinsic  to  the  polymer  (air  bubbles,  dirt,  process  aids, 
etc.).  ■ 

The  data  obtained  in  these  studies  are  at  variance  with  previous  claims  of 
nodular  structures  in  the  polymers.  Specifically,  the  measured  intensity  is  in¬ 
consistent.  both  in  magnitude  and  in  its  variation  with  scattering  angle,  with  the 
presence  of  nodules  as  representative  of  the  bulk  material.  Subsequent  electron 
microscopy  studies  on  four  of  the  glassy  thermoplastics  have  yielded  results 
consistent  with  the  SAXS  data  and  indicate  the  general  absence  of  microstruc- 
tural  features  down  to  sizes  approaching  the  resolution  limit  of  the  electron 
microscope. 

*  Based  in  part  mi  a  thesis  submit  ted  by  K.4.M.  in  partial  fulfillment  of  the  requirements  for  the 
M.S.  degree  in  Materials  Science .  MIT.  1976. 

f  Now  with  Northern  Petrochemical  Co..  Morris.  1L. 
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While  most  of  the  controversy  surrounding  the  existence  of  nodules  has  cen¬ 
tered  about  thermoplastic  polymers,  manv  studies  have  been  conducted  on 
network-forming  thermosetting  polymers  as  well.  The  original  simple  model 
of  network  structure'1  predicted  that  a  polymer  network  would  be  homogeneous 
with  crosslinks  distributed  throughout  the  material  at  random.  More  recent 
theoretical  studies  of  network  formation  (see  e.g.,  refs.  7-9),  employing  more 
sophisticated  mathematical  treatments,  have  shown  that  the  formation  of  in¬ 
homogeneities  should  be  a  frequent  if  not  generally  expected  occurrence  in  the 
synthesis  of  networks.  In  many  systems,  the  chemical  reactions  are  diffusion 
controlled  and  are  not  carried  through  to  completion;  and  heterogeneous 
structures  can  lie  produced.  More  generally,  regions  differing  in  crosslink  density 
can  be  formed  in  the  polymer,  their  extent  depending  on  the  chemistry  of  the 
system  and  the  polymerization  conditions. 

Heterogeneities,  generally  on  a  scale  of  50-8000  A  and  present  in  large  volume 
fractions,  have  been  observed  in  transmission  electron  microscope  studies  of  a 
number  of  cured  epoxy  resins  (see  e.g.,  refs.  10-16).  Among  such  studies,  those 
of  Koutsky  and  his  co- workers' - 1:1  and  of  Morgan  and  O’Neal14  1,1  have  provided 
the  most  clear-cut  evidence  for  the  presence  of  structural  inhomogeneities.  The 
former  workers  used  replica  electron  microscopy  and  observed  heterogeneities 
(which  they  termed  nodular  structures)  on  free  surfaces,  fracture  surfaces  and 
etched  surfaces  of  epoxy  resins  of  widely  different  cures  and  chemistries.  Fur¬ 
ther,  the  heterogeneities  were  reported  to  align  in  the  direction  of  crack  propa¬ 
gation  (perpendicular  to  the  crack  front)  on  fracture  of  the  epoxy  specimens. 
The  sizes  of  the  heterogeneities  seen  in  these  studies  were  generally  in  the  range 
of  1 00-300  A. 

Morgan  and  O’Neal"  1,1  used  both  replica  and  direct -transmission  electron 
microscopy  as  well  as  scanning  electron  microscopy  to  characterize  the  structural 
features  of  epoxy  resins.  They  reported  heterogeneities  on  a  number  of  scales, 
with  particles  60-90  A  in  diameter  suggested  as  intramolecularlv  crosslinked 
molecular  domains  which  could  interconnect  to  form  larger  network  arrays. 

Because  of  the  similarity  of  these  observations  to  those  reported  previously 
for  thermoplastic  polymers,  the  widespread  nature  of  reported  heterogeneities 
in  cured  epoxy  resins,  and  the  potent  ial  importance  of  such  heterogeneit  ies  for 
affecting  the  properties  of  the  resins,  it  was  decided  to  undertake  an  examination 
of  crosslinked  epoxy  resins  using  SAXS.  The  epoxy  resins  were  crosslinked  with 
both  amine  and  acid  anhydride  curing  agents. 


EXPERIMENTAL  PROCEDURE 

Three  cured  epoxy  resin  systems  were  examined  in  this  study.  Two  of  the 
systems  were  based  on  the  diglycidyl  ether  of  bisphenol-A  (Epon  828,  Shell 
Chemical  Co.);  the  samples  were  cured  with  triethvlenetetriamine  (TETA)  and 
nadic  methyl  anhydride  (NMA).  The  Epon  828/NMA  system  was  catalyzed 
by  the  addition  of  1 %  benzyl  dimethylamine  (BDMA).  The  third  system  was 
based  on  the  triglvcidyl  ether  of  glycerol  (Epon  812,  Shell  Chemical  Co.)  and  was 
cured  with  dodecenvl  succinic  anhydride  (DDSA),  NMA,  and  BDMA.  The 
details  of  the  curing  agent  concentrations,  cure  times,  and  cure  temperatures 
are  shown  in  Table  I.  The  Epon  828  samples  were  mixed  by  hand  for  5  min  and 
vacuum  degassed  for  10  min  before  curing  in  a  preheated  air  oven  using  the 
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TABLE  I 

Composition  and  Cure  of  Sample  Systems 


Epoxy  resin 

Cure  agent 

Concent  ration 
(phr)M 

Time  and 
temperature 

Epon  8*28 

TE'I'A 

12.1) 

45  min  at  25°(’ 

4  davs  at  1(H) °C 

Epon  828 

NMA 

9:t.9 

H  hr  at  I25°r 

DDSA 

0.9 

14  davs  at  17.r>0C 

E|H»n  812 

NMA 

74 

3  hr  at  70°0 

DDSA 

24 

24  hr  at  litOT 

BDMA 

*2 

"  Parts  per  hundred  of  resin  hv  weight. 


temperatures  and  times  given  in  Table  1.  The  Epon  812  sample  was  mixed  by 
hand  for  ten  minutes,  poured  into  silicone  molds,  and  allowed  to  stand  for  twenty 
minutes  to  eliminate  large  bubbles.  They  were  then  cured  as  indicated  in  Table 
I.  This  procedure  is  identical  to  that  used  in  preparing  the  Epon  812  samples 
in  which  nodular  structures  were  seen  in  the  electron  microscope. 

Thin  (ca.  0.25  cm)  sections  were  cut  from  the  cured  samples  and  were  polished 
with  alumina  powder  for  SAXS  examination.  The  SAXS  data  were  collected 
using  a  Bonse-Hart  small-angle  x-ray  scattering  system  (Advanced  Metals  Re¬ 
search,  Burlington,  Mass.).  The  system  was  used  with  CuK„  radiation  and 
employed  pulse  height  analysis  of  the  output  of  a  scintillation  detector.  The 
diffraction  geometry,  described  in  detail  in  ref.  1,  permits  reliable  data  to  be 
obtained  at  scattering  angles  as  small  as  10-20  sec. 

The  data  were  taken  at  10  sec  intervals  over  the  range  20  sec  <20  <  1  min,  60 
sec  intervals  over  the  range  1  <20  <  6  min.  2  min  intervals  over  the  range  6  <20 
<  20  min,  and  6  min  intervals  over  the  range  20  <20  <  60  min.  For  20  <  6  min, 
the  sample  scattering  and  the  background  scattering  were  measured  in  succession 
at  each  angle.  For  20  >  6  min,  a  master  background  curve  was  constructed  after 
several  counts  had  been  made  at  each  value  of  20.  Selected  background  counts 
performed  during  each  run  were  vised  to  scale  the  master  curve  for  values  of  2 0 
>  6  min.  A  scan  of  the  main  beam  from  —20  to  +20  sec  was  conducted  before 
each  run  to  identify  any  variations  in  tube  intensity. 

Prior  to  each  run,  the  sample  absorption  c~“'  (where  t  is  the  sample  thickness) 
was  determined  by  measuring  the  main  beam  intensity  with  the  sample  in  place 
and  then  counting  the  beam  with  the  sample  removed.  For  all  samples,  c~11' 
was  between  0.22  and  0.42.  The  scattered  intensity  /  at  an  angle  20  was  then 
corrected  for  background  and  absorption  using  the  relation 

/=(/,-  N)/e~'“  +  N  -  Ih  (1) 

where  ls  is  the  scattered  intensity  at  an  angle  20  with  the  sample  in  place,  h  is 
the  background  intensity  at  the  same  angle,  and  N  is  the  system  noise  level. 

The  experimental  intensities  were  corrected  for  slit  smearing  effects  by  the 
method  described  by  Renninger  et  al.1  This  desmearing  procedure,  based  on 
an  iterative  deconvolution  process,  is  valid  if  the  sample  is  isotropic  and  if  the 
horizontal  divergence  of  the  beam  is  negligible  compared  to  the  vertical  diver¬ 
gence.  Both  assumptions  are  warranted  in  the  present  study  due  to  the  nature 
of  the  material  (epoxy  resins  cast  in  bulk)  and  the  geometry  of  the  Bonse-Hart 
system  (see  discussion  in  ref.  I ). 
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'Pin*  desmeared  data  were  put  on  an  absolute  basis  through  a  comparison  with 
the  desmeared  scattering  curve  obtained  from  a  well-characterized  sample  of 
polycarbonate,  (Lexan.  General  Electric  Co.),  for  which  absolute  intensity  data 
were  available.1  The  desmeared  polycarbonate  curve  obtained  in  this  study  was 
in  excellent  agreement  with  that  obtained  previously1  except  for  a  constant 
multiplicative  factor  liyc-  The  SAKS  data  were  thus  normalized  and  placed 
on  an  absolute  basis  with  the  relation 

A'sam  =  KirUn./f|V  (2) 

where  Ksam  is  the  sample  normalization  factor,  and  f  |><-  and  /sam  are  the  thickness 
of  the  polycarbonate  and  epoxy  samples,  respectively. 


RESULTS  AND  DISCUSSION 


Figures  I  ;i  show  the  observed  variations  of  intensity  with  scattering  angle 
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2 9  (minutes) 

Fig.  3.  Experimental  SAXS  intensity  from  Kpon  812/NMA/DDSA. 

for  the  Kpon  828/TKTA,  Epon  828/NMA.  and  Kpon  812/NMA/DDSA  systems, 
respectively.  The  desmeared  absolute  intensity  SAXS  curves  obtained  from 
the  three  epoxy  resin  systems  are  shown  in  Figures  4-6. 

The  desmeared  scattering  curves  for  the  three  epoxy  systems  are  qualitatively 
similar  to  those  obtained  from  other  amorphous  polymers.  In  the  angular  range 
20  sec  <20  <2  min,  the  epoxies  all  display  a  sharp  decrease  in  scattered  intensity. 
The  intensity  continues  to  decrease,  but  more  slowly,  as  the  scattering  angle  is 
increased  beyond  2  min.  Both  of  the  Kpon  828  samples  show  a  pronounced 


20(minutes) 

Fig.  4.  Variation  of  absolute  SAXS  intensity  with  scattering  angle  for  Epon  828/TETA.  (•) 
Desmeared  experimental  data;  (Ot  calculated  intensity  for  thermal  density  fluctuations  +  distribution 
of  heterogeneities  shown  in  Table  II. 
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Fig.  5.  Variation  of  absolute  SAXS  intensity  with  scattering  angle  lor  Epon  828/NMA.  (•) 
Desmeared  experimental  data;  tot  calculated  intensity  for  thermal  density  fluctuations  +  distribution 
of  heterogeneities  shown  in  Table  III. 

leveling  of  the  scattering  curve  between  15  and  50  min  before  decreasing  to 
constant  levels  at  relatively  large  angles  (2(1  >  40  min).  The  Epon  812/NMA/ 
DDSA  system  displays  a  smooth  decrease  in  intensity  out  to  approximately  24 
min.  Beyond  that  angle,  the  intensity  remains  almost  constant. 

A  nearly  constant  (asymptotic)  SAXS  intensity  at  small  diffraction  angles  is 
expected  for  an  ideal  liquid  or  glass  because  of  the  presence  of  t  hermal  fluctua¬ 
tions  in  density  or  composition.  The  expected  magnitude  of  this  scattering  may 
be  obtained  from  thermodynamic  fluctuation  theory  (e.g.,  ref.  17)  and  the 
standard  treatment  of  small-angle  x-ray  scattering18: 

/(())  =  V'  «A ,,Y2)  =  kTKrt>-  (8) 

where  Kr  is  the  isothermal  compressibility,  />  is  the  average  electron  density, 
<(A/>)2)  is  the  mean  square  density  fluctuation  in  a  region  of  volume  V',  and  7(0) 
is  the  zero-angle  scattering. 


0  10  20  30  40  50  60 

20(minutes) 


Fig.  ti.  Variation  of  absolute  SAXS  intensity  with  scattering  angle  for  Epon  81'2/NMA/DDSA. 
(•)  Desmeared  experimental  data;  (Ol  calculated  intensity  for  thermal  density  fluctuations  +  dis¬ 
tribution  of  heterogeneities  shown  in  Table  IV. 
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Weinberg19'-'0  suggested  that  a  glass  should  retain  the  configurational  (but 
not  the  vibrational)  fluctuations  present  in  the  liquid  at  the  glass-transition 
temperature  Tg.  The  expected  zero-angle  scattering  may  be  written 

/(())  =  k  TgKr(  Tk  )p2  (4) 

Wendorff  and  Fischer-1  reported  that  the  zero-angle  scattering  for  poly(methyl 
methacrylate),  polycarbonate,  and  poly(ethylene  terephthalate)  increases  linearly 
with  temperature  below  the  glass  transition,  and  increases  linearly  as  well  (but 
with  a  higher  slope)  at  temperatures  above  the  glass  transition.  Rathje  and 
Roland22  also  reported  the  zero-angle  scattering  from  poly(methyl  methacrylate) 
and  polystyrene  increases  with  temperature  below  the  glass  transition;  but  these 
workers  found  a  less-sharp  transition  in  slope  at  Tg.  In  contrast,  Porai-Koshits23 
and  we  have  found  the  zero-angle  scattering  from  SiO^  to  be  independent  of 
temperature  below  the  glass  transition;  and  in  this  case,  the  scattering  data  were 
obtained  over  a  temperature  range  of  more  than  900°C  (7'A,  ~  10()0°C  for  this 
material).  Because  of  the  uncertainty  in  the  expected  zero-angle  scattering  at 
temperatures  below  1\,.  eq.  (4)  will  be  used  to  eliminate  7  (0).  Because  of  the 
limited  range  of  temperature  between  7\.  and  ambient,  this  expression  should 
in  any  case  be  good  to  within  about  25%. 

The  use  of  eq.  (4)  requires  a  knowledge  of  both  TK  and  K at  1\.  The  com¬ 
pressibilities  of  epoxy  resins  at  elevated  temperature  are  not  well  documented, 
however;  and  it  was  considered  best  to  measure  Kr  experimentally.  Castings 
of  the  Kpon  828  samples  were  prepared  containing  strain  gauges  and  were 
pressurized  to  2  kbar  at  ambient  temperature  in  a  hydrostatic  pressure  vessel. 
The  compressibilities  of  the  samples  were  determined  from  the  slopes  of  the 
compression-strain  curves,  and  these  values  were  used  for  Kr( TK )  in  eq.  (4).  It 
is  recognized  that  this  represents  an  underestimate  of  the  compressibility  at  TK; 
but  the  difference  is  expected  to  be  modest.  The  method  for  determining  Kr 
could  not  be  employed  for  the  Kpon  812/NMA/DDSA  systems,  however,  because 
the  sample  was  received  in  the  as-cured  state  and  thus  could  not  be  tested  in  the 
pressure  vessel.  As  an  approximation.  Kr  of  the  Kpon  812  sample  was  taken 
as  the  average  of  the  Kpon  828  compressibilities.  The  glass  transition  temper¬ 
atures  of  the  three  samples  were  determined  by  differentia)  scanning  calorimetry 
using  a  Perkin-KImer  DSC-2  apparatus,  and  the  results  were  used  with  the 
compressibility  data  to  evaluate  the  expected  zero-angle  scattering. 

For  the  Kpon  828/TKTA  sample,  for  instance,  we  have  f>  =  0.1)9  electrons  A-3, 
Kr~  1.9  X  10-n  dyncm-2.  and  7’,.  =  105°C.  Using  these  values,  we  obtain  /  (0) 
=  0. 16  electrons- A" f.  For  Kpon  828/NMA,  parameters  are p  =  0.39  electrons 
A-3,  T  =  165°(\  and  Kr  ~  ‘2.2  X  10-u  dyncm--’.  Substitution  yields  7(0)  =  0.20 
electrons2  A-3  for  this  system.  These  calculated  values  compare  favorably  with 
the  observed  asymptotic  intensities  of  0.18  electrons2  A-3  iKpon  828/TKTA) 
and  0.25  electrons2  A-3  (Kpon  828/NMA).  For  the  Kpon  812/NMA/DDSA 
system,  parameters  are  p  =  0.40  electrons  A-3,  TK  =  I30°C  and  Kr  was  assumed 
to  be  2  X  10-11  dyncm-2.  The  corresponding  expected  value  of  7(0)  is  0.18 
electrons2  A-3.  This  compares  with  the  observed  asymptotic  intensity  of  ap¬ 
proximately  0.3  electrons2  A-3.  DDSA  is  known24  to  impart  flexibility  to  epoxy 
castings  due  to  its  long  aliphatic  chains;  as  a  result,  the  compressibility  of  the 
Kpon  812/NMA/DDSA  material  is  probably  higher  than  the  value  used  here. 
Consequently,  the  calculated  value  of  7(0)  is  likely  an  underestimate  of  the  true 
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value.  The  increase  in  compressibility  with  increasing  temperature  would  also 
give  rise  to  larger  expected  values  of  the  asymptotic  scattering. 

The  pronounced  rise  in  scattered  intensity  at  small  angles  (2d  <  30  min)  and 
the  excess  asymptotic  scattering  at  larger  angles  (over  that  predicted  by  fluc¬ 
tuation  theory)  can  be  associated  with  heterogeneities  in  the  samples.  The 
scattered  intensity  from  spherical  particles  of  radius  R  may  be  expressed  as 


I'(h)  =  C(  1  -C)V(Ap)2  3 


si n(hR)  -  hR  c <MhRf 
h'R{ 


(5) 


Here  I'(h )  is  the  intensity  in  excess  of  the  scattering  from  thermal  density  fluc¬ 
tuations;  and  h  =  4irsinfl/A,  where  A  is  the  wavelength  of  the  radiation. 

The  sizes  and  concentrations  of  heterogeneities  needed  to  describe  the  ob¬ 
served  scattering  curves  for  the  three  samples  are  shown  in  Tables  11  to  IV.  The 
presence  of  large  heterogeneities  (R  >  250  A)  is  required  to  explain  the  large 
increase  in  intensity  at  very  small  angles.  It  is  possible  that  these  heterogeneities 


TABLE  (I 

Calculated  Sizes  and  Concentrations  of  Heterogeneities  in  Epon  828/TETA  (p  =  0.29 

electrons  A'1) 


R  (A) 

c(l  -  cl  (Apt- 

HAp  =  1 %) 

c(Ap  =  1OT) 

(xnr4) 

c(Ap  =  1 00‘S  1 
(Xltr«l 

75 

1.24  X  10"* 

0.0895 

8.15 

8.5 

250 

2.46  X  It)-7 

0.0222 

2.27 

2.27 

500 

5.20  X  HI"7 

0.0255 

2.42 

2.42 

1500 

1.11  X  10"* 

0.0792 

7.20 

7.20 

4000 

4.77  X  !0'7 

0.022.5 

2.14 

2.14 

TABLE  111 

Calculated  Sizes  and  Concentrations  of  Heterogeneities  in  Epon  828/NMA  (p  =  0.89 

electrons  A“ ') 


R  (Al 

C<1  -  cHApf- 

HAp  =  in 

<(Ap  =  uni 

HAp  =  loon 

75 

2.11  X  10"* 

0.2<KI 

2.10  X  |()-;1 

2.10  x  nr* 

250 

9.17  x  ltr7 

0.0662 

6.19  X  ltr4 

6.19  x  nr* 

500 

2.92  X  ltr* 

A 

2.64  X  ur3 

2.64  X  10~r’ 

1000 

2.29  X  ltr7 

0.0164 

i  .61  x  itr4 

i.6i  x  itr* 

4000 

1.86  x  ltr* 

0.147 

1.25  X  ltr3 

1.25  x  ur  '’ 

a  Gives  cl  1  —  cl  >  0.25. 


TABLE  IV 

Calculated  Sizes  and  Concentrations  of  Heterogeneities  in  Epon  8I2/NMA/DDSA  (/>  =  0.40 

elect  rons  A  "•') 


R  (At 

HI  -  cl  (A/il-' 
(XlO-fi) 

p 

* 

5 

.  HAp  =  1(85,1 
(X  10"3I 

c(Ap  =  it  Kir  i 
<X10'f,l 

150 

2.18 

0.266 

1.95 

1.95 

500 

1.91 

0.125 

1.17 

1.17 

2000 

1.77 

0.124 

1.08 

1.08 

5000 

9.55 

tt 

5.88 

5.88 

6000 

5.52 

n 

2.28 

2.38 
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may  be  extrinsic  to  the  polymers.  While  adventitious  impurities  such  as  dirt 
may  be  responsible  for  some  of  this  scattering,  a  more  likely  source  is  gas  (air) 
bubbles  incorporated  in  the  resin  during  curing.  As  seen  in  Tables  II  to  IV, 
concentrations  of  gas  bubbles  in  the  range  of  l()_r>  are  sufficient  to  account  for 
the  observed  scattering  (above  fluctuation  scattering)  in  the  very  low-angle  re¬ 
gion.  Alternatively,  the  heterogeneities  in  this  range  of  large  sizes  may  be  su- 
permolecular  arrays  of  regions  which  differ  in  crosslink  density. 

The  scattering  at  larger  angles  (still  in  the  small-angle  region)  is  associated 
with  smaller  heterogeneities.  The  slow  decrease  in  scattering  from  the  Epon 
828  samples  in  the  angular  range  between  20  and  30  min,  and  the  excess  scattering 
at  larger  angles  (above  that  due  to  thermal  fluctuations)  in  all  samples,  partic¬ 
ularly  the  Epon  812  sample,  indicate  the  presence  of  small  (<100  A)  inhomo¬ 
geneities  in  the  materials.  Again,  concentrations  of  gas  bubbles  in  the  range  of 
10“"’  would  be  sufficient  to  account  for  the  observed  excess  scattering,  although 
the  presence  of  other  structural  inhomogeneities  could  also  account  for  the 
scattering.  If  the  densities  of  these  heterogeneities  differ  only  slightly  from  that 
of  the  matrix  (as  A/i/p  =  1'V ),  thev  could  be  present  in  sizable  concentrations  (see 
Tables  II-IV). 

Figures  4-6  show  a  comparison  of  the  experimental  data  with  the  scattering 
expected  for  the  distributions  of  heterogeneities  shown  in  Tables  II  to  IV  su¬ 
perimposed  on  thermal  density  fluctuations.  The  indicated  distributions  of 
heterogeneities  are  seen  to  provide  a  close  description  of  the  data.  It  should  be 
noted,  however,  that  these  distributions  are  not  unique.  They  simply  indicate 
the  ranges  of  sizes  which  are  needed  to  describe  the  experimental  data.  Any 
distribution  used  to  describe  the  scattering  must  have  large  particles  (in  the  range 
of  several  thousand  angstroms)  as  well  as  smaller  particles  (in  the  range  below 
200  A)  in  concentrations  not  greatlv  different  from  those  indicated  in  Tables  II 
to  IV. 

The  present  results  seem  at  variance  with  many  reported  observations  of 
nodular  features  in  cured  epoxies  as  representative  of  the  bulk  structure.  For 
studies  carried  out  using  direct  transmission  electron  microscopy  on  thin  sections, 
rather  than  electron  microscopy  of  replicas,  a  density  difference  of  about  0.1  g 
cm':!  is  required  to  produce  observable  contrast  in  a  1000-A-thick  sample  irra¬ 
diated  with  100  kV  electrons.25  This  indicates  that  inhomogeneities  in  a  1000 
A  thick  sample  of  epoxy  would  provide  discernible  contrast  only  if  they  differed 
in  density  from  the  bulk  bv  about  5-10%,  a  difference  which  is  much  larger  than 
the  change  in  density  on  curing.  Further,  the  density  difference  required  for 
observable  contrast  increases  as  the  sample  thickness  decreases.  Examination 
of  Tables  II  to  IV  shows,  however,  that  heterogeneities  differing  from  the  bulk 
density  by  10%  or  more  can  only  be  present  at  concentrations  in  the  range  about 
0.1% — a  range  which  is  much  smaller  than  the  concentrations  indicated  for  the 
nodular  features. 

For  studies  carried  out  using  electron  microscopy  of  surface  replicas,  which 
represent  the  largest  fraction  of  the  observations  of  nodular  features  in  epoxies, 
a  somewhat  different  question  is  posed  by  the  present  results.  The  indicated 
volume  fractions  of  heterogeneities  seen  in  the  electron  microscopy  studies  are 
consistent  with  the  SAXS  results  only  if  they  differ  in  density  by  perhaps  1%  or 
less  from  the  bulk.  Considering  the  small  change  in  density  on  curing  epoxy 
systems — typically  1%  or  less — as  well  as  the  nature  of  the  curing  process,  the 
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occurrence  of  regions  differing  in  density  by  only  a  small  amount  seems  rea¬ 
sonable.  It  remains  to  be  established,  however,  how  regions  with  such  differences 
in  density  become  visible  on  fracture  surfaces.  Certainly  there  is  good  reason 
for  expecting  regions  of  different  crosslink  density  in  cured  epoxies;  and  such 
differences  should  be  reflected  in  details  of  the  fracture  process.  What  remains 
to  be  clarified  is  the  relation  between  such  regions  and  the  features  seen  in 
electron  microscope  studies.  The  present  SAXS  results  should  be  viewed  as 
providing  data  with  which  any  proposed  structural  model  must  be  consistent. 

The  sizes  of  the  heterogeneities  inferred  from  the  present  SAXS  data,  with 
largest  concentrations  in  the  range  about  150  A,  are  similar  to  those  reported  in 
several  electron  microscope  studies.  Because  of  concerns  about  contrast  in  direct 
transmission  electron  microscope  studies  of  epoxies  and  about  the  relation  be¬ 
tween  structural  features  and  features  seen  in  electron  microscopy  of  replica 
surfaces,  as  well  as  the  differences  in  chemistry  and  thermal  histories  of  the  ep¬ 
oxies  examined,  the  similarity  of  sizes  will  simply  be  noted  here. 


CONCLUSIONS 

The  small-angle  x-ray  scattering  from  three  cured  epoxy  resins — an  Epon  812 
material,  an  amine-cured  Epon  828,  and  an  anhydride-cured  Epon  828 — varies 
with  scattering  angle  in  a  manner  generally  similar  to  that  observed  previously 
for  glassy  thermoplastics.  The  SAXS  intensity  from  the  epoxy  samples  decreases 
sharply  with  increasing  angle  in  the  very  small  angle  region  (20  <  2  min),  then 
less  slowly  with  further  increases  in  angle  (out  to  20  equal  to  20  or  30  min)  and 
then  approaches  a  constant  asymptotic  intensity.  As  with  the  glassy  thermo¬ 
plastics,  the  measured  SAXS  in  the  constant-intensity  region  corresponds  closely 
with  that  expected  for  thermal  density  fluctuations  frozen-in  at  the  glass  tran¬ 
sition.  In  detail,  however,  the  measured  intensity  is  somewhat  higher  than  that 
expected  for  thermal  fluctuations,  particularly  for  the  Epon  812  sample. 

The  increase  in  SAXS  intensity  at  very  small  scattering  angles  has  been  as¬ 
sociated  with  a  small  concentration  of  large  heterogeneities  (exceeding  1000  A 
in  size).  These  may  well  be  heterogeneities  extrinsic  to  the  polymer,  such  as  gas 
bubbles  introduced  during  curing  of  the  resins.  The  presence  of  small  hetero¬ 
geneities  (less  than  200  A  in  size)  is  also  indicated  by  the  SAXS  data.  If  intrinsic 
to  the  polymers,  they  can  be  present  in  large  concentrations  (tens  of  percent) 
if  they  differ  slightly  in  density  from  the  bulk  (A p/p  =»  1%). 

The  present  results  are  inconsistent  with  the  presence  of  nodular  structures 
visible  in  direct  transmission  electron  microscopy  of  thin  specimens,  and  set 
constraints  on  the  characteristics  of  heterogeneities  seen  using  replica  electron 
microscopy.  The  precise  origin  of  these  heterogeneities  is  not  clear  at  present. 
They  may  be  related  to  regions  differing  in  crosslink  density;  but  the  nature  of 
this  relation  remains  to  be  elucidated  satisfactorily. 
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Synopsis 

High-resolution  electron  microscopy  studies  have  been  carried  out  on  lour  glassy  polymers  ex¬ 
amined  in  previous  smalt-angle  x-ray  scattering  ISAXS)  investigations.  The  polymers  include 
polycarbonate,  polytethylene  terephthalate),  polylvinyl  chloride),  and  polystyrene.  For  all  four 
polymers,  both  bright -field  and  dark-field  observations  indicate  the  general  absence  of  micro- 
structural  features  of  a  size  down  to  the  resolution  limit  of  the  electron  microscope.  Only  “pepper 
and  salt"  features  on  a  scale  ca.  5  A  are  seen  as  characteristic  of  the  structures.  These  features  reflect 
simple  interferences  as  the  resolution  limit  is  approached,  and  are  seen  for  single  crystals  and  oxide 
glasses  as  well  as  for  the  polymers.  The  present  results,  taken  together  with  structural  information 
from  light  scattering,  SAXS,  and  small-angle  neutron  scattering,  indicate  that  glassy  polymers  should 
lie  regarded  as  having  random  structures.  The  combined  results  are  inconsistent  with  heterogeneous 
microstructures  having  regions  of  locally  high  order  present  in  large  volume  fractions. 


INTRODUCTION 

The  past  decade  has  seen  much  debate  and  many  seemingly  contradictory 
results  on  the  structure  of  bulk  amorphous  polymers.  There  have  been  several 
structural  models  proposed  in  the  literature,  each  providing  an  explanation  for 
certain  experimental  results.  Foremost  among  these  are  the  random  coil  model, 
advanced  forcefully  by  Flory  and  his  associates1-  and  the  nodule  model,  advanced 
by  Geil  and  Yeh  and  their  associates.  ' ' 

The  random  coil  model  pictures  the  unoriented  amorphous  bulk  polymer  as 
random  in  structure  with  isotropic  properties.  The  configuration  statistics  of 
the  molecule  in  bulk  are  expected  to  be  the  same  as  when  dissolved  in  a  0  solvent. 
Rubber  elastic  behavior,  light  scattering,  small-angle  neutron  scattering,  mag¬ 
netic  birefringence,  and  small-angle  x-ray  scattering  are  among  the  experimental 
results  which  have  provided  support  for  this  model. 

The  nodular  bundle  models  assume  that  glassy  polymers  are  inhomogeneous 
on  a  molecular  level,  with  regions  of  disorder  and  regions  of  local  order  both 
present  in  large  volume  fractions.  The  principal  experimental  results  which 
have  provided  support  for  this  model  are  transmission  electron  microscope  ob¬ 
servations,  although  other  results  such  as  those  obtained  in  x-ray  diffraction 
studies  have  also  been  discussed  in  terms  of  regions  of  locally  high  order. 

Because  of  their  relevance  to  the  present  investigation,  it  seems  appropriate 

*  Based  in  part  on  a  thesis  submitted  by  M.M,  in  partial  fulfillment  of  the  requirements  for  the 
M  S.  degree  in  Materials  Science,  Massachusetts  Institute  of  Technology.  1978. 


Journal  of  Polymer  Science:  Polymer  Physics  Kdition,  Vol.  16.  2005  2014  1 1978) 
c  1978  John  Wiley  &  Sons,  Inc.  0O98-127:)/78/0Olf>-20O5$0I.O0 


2006 


MEYER,  VANDER  SANDE,  AND  UHLMANN 


to  review  briefly  the  salient  findings  of  the  studies  used  to  support  the  nodule 
hypothesis.  Work  dealing  with  four  polymers — polycarbonate,  polystyrene, 
poly(ethylene  terephthalate),  and  poly( vinyl  chloride) — will  receive  particular 
attention. 

A  precursor  of  the  nodule  model  is  discussed  in  the  work  of  Krimm  and  To- 
holsky,-’  who  performed  x-ray  diffraction  studies  of  polystyrene  and  poly  (methyl 
methacrylate).  For  both  polymers,  diffraction  peaks  suggested  to  be  associated 
with  interchain  distances  were  identified,  and  were  indicated  to  change  sys¬ 
tematically  with  thermal  treatment.  It  was  suggested  that  small  ordered  regions 
were  present  in  both  polymers,  with  the  size  of  the  ordered  regions  being  smaller 
in  the  case  of  poly(methyl  methacrylate)  because  of  the  presence  of  the  bulky 
side  groups. 

Bjornhaug  et  al.15  expanded  on  the  work  of  Krimm  and  Tobolsky  by  applying 
radial  distribution  analysis  to  the  x-ray  diffraction  patterns.  For  polystyrene 
the  peak  intensities  at  5  and  10  A  were  suggested  to  be  higher  than  expected  for 
a  random  conformation,  and  were  explained  by  postulating  the  existence  of  or¬ 
dered  regions  in  the  amorphous  polymers. 

Yeh  and  Geil7  used  a  solution-casting  technique  to  prepare  specimens  of  glassy 
poly(ethy(ene  terephthalate)  for  transmission  electron  microscopy.  They  re¬ 
ported  the  presence  of  ball-like  structures,  45-100  A  in  size,  as  an  essential 
structural  feature  of  the  material.  These  features  were  termed  nodules.  Sub¬ 
sequent  observation,  after  annealing  near  the  glass  transition,  showed  the 
structures  to  have  aggregated  and  aligned.  Extensive  annealing  over  a  6-day 
period  at  66°C  resulted  in  the  formation  of  spherulites.  At  154°C,  the  spherulites 
were  formed  in  15  min.  Dark-field  electron  microscopy,  carried  out  using  a 
portion  of  the  most  intense  diffuse  halo  of  the  electron  diffraction  pattern,  in¬ 
dicated  heterogeneities  of  about  the  same  size  as  those  seen  under  bright-field 
conditions. 

Carr  et  al.8  carried  out  electron  microscope  studies  of  polycarbonate  and  re¬ 
ported  the  presence  in  large  volume  fraction  of  nodular  units  about  125  A  in  size. 
These  structural  features  were  reported  to  enlarge  upon  annealing  at  tempera¬ 
tures  near  the  glass  transition.  The  nodules  were  suggested  to  represent  regions 
of  locally  high  order. 

Klement  and  Geil9  carried  out  an  electron  microscope  study  of  solution-cast 
specimens  of  isotactic  polystyrene  (i-PS),  isotactic  poly(methyl  methacrylate) 
(i-PMMA),  and  polycarbonate  (PC).  After  observing  the  as-cast  structures, 
the  polymers  were  drawn  uniaxially  at  a  controlled  temperature:  105-125°C 
for  PC,  55-70° C  for  PMMA,  and  95-1 10°  for  PS. 

The  as-cast  morphology  of  PC  consisted  of  100-A  nodules  which  grew  and 
merged  into  a  spherulitic  structure  upon  annealing.  The  postdeformation 
morphology  consisted  of  rows  of  thick  and  thin  polymer  aligned  perpendicular 
to  the  drawn  direction  and  spaced  1000  A  apart.  It  was  suggested  that  the  100-A 
nodules  were  composed  of  closely  packed  chains  which  were  drawn  out  during 
deformation. 

The  as-cast  i-PMMA  was  also  amorphous  by  electron  diffraction,  but  electron 
micrographs  of  samples  shadowed  with  carbon-platinum  revealed  a  150-200 -A 
nodular  structure.  Samples  which  had  been  drawn  to  four  times  their  original 
length  exhibited  700-800-A  undulations.  The  nodules  were  suggested  to  be 
composed  of  closely  packed  chains,  as  in  PC.  The  as-cast  i-PS  films  were 
amorphous  and  structureless  above  100  A.  Drawn  films  had  surface  undulat  ions 
which  resembled  those  of  PMMA. 


ELECTRON  MICROSCOPY  OF  GLASSY  POLYMERS 


2007 


Yeh11  investigated  the  nodular  structures  found  in  PS.  Neither  tacticity, 
molecular  weight,  nor  the  molecular  weight  distribution  of  the  atactic  polymer 
changed  the  electron  diffraction  pattern.  The  nodular  features,  interpreted  as 
regions  of  local  order,  were  about  15-45  A  in  diameter  in  the  freshly  prepared 
samples.  Upon  irradiation  for  60  sec  in  the  electron  microscope,  the  location 
of  a  diffraction  ring  initially  at  4.78  A — suggested  as  arising  from  orderly  chain 
packing — was  observed  to  change  to  larger  d  spacings;  and  evidence  of  increasing 
line  broadening  and  decreasing  intensity  with  increasing  irradiation  was  also 
noted. 

Nodular  structures  about  200  A  in  diameter  were  seen11  in  ion-etched  rigid 
polylvinyl  chloride)  (PVC).  No  such  structures  were  seen,  however,  in  freeze- 
fractured  samples  of  this  polymer,1 -’although  similar  features  were  observed  in 
freeze-fractured  samples  of  plasticized  PVC. 

The  conclusions  of  these  studies — that  glassy  polymers  are  composed  of  regions 
of  disorder  and  regions  of  locally  high  order — have  been  called  into  serious  doubt 
by  a  number  of  recent  experimental  studies.  Among  these,  three  groups  of  in¬ 
vestigations  seem  deserving  of  part  icular  note: 

1 )  Light  scattering.  Patterson1'1  investigated  the  effects  of  cooling  on  light 
scattering  from  PMMA  and  PC.  No  evidence  was  found  for  an  increase  in  the 
number  density  or  size  of  heterogeneities  in  the  polymers  as  the  temperature 
was  lowered,  as  would  be  expected  for  nodular  structures  as  regions  of  local 
order. 

2)  Smalt-angle  x-ray  scattering.  The  small-angle  x-ray  scattering  from  a 
variety  of  polymers,  including  PC,  PMMA.  PET,  PVC,  and  PS.  has  been  shown14 
to  he  inconsistent  both  in  magnitude  and  in  angular  dependence  with  the  pres¬ 
ence  of  nodular  structures  as  representative  of  the  bulk  materia). 

:!)  Small-angle  neutron  scattering.  Among  studies  of  small-angle  neutron 
scattering  from  amorphous  polymers,  that  of  Benoit1’’  can  be  taken  as  repre¬ 
sentative.  The  radii  of  gyration  of  eight  molecular  weight  polystyrene  polymers 
were  found  to  he  the  same,  within  experimental  error,  as  those  of  the  polymers 
in  a  0  solvent  (where  the  random  coil  is  widely  acknowledged  as  providing  a  useful 
representation  of  the  chain  conformation). 

Taken  in  toto,  these  findings  cast  strong  doubts  on  the  validity  of  the  electron 
microscope  observations  which  suggested  the  occurrence  of  nodular  structures 
as  essential  features  of  amorphous  polymers.  It  seemed  highly  desirable, 
therefore,  to  reexamine  the  structure  of  glassy  polymers  using  the  technique  of 
high-resolution  electron  microscopy.  The  present  paper  reports  the  results  of 
such  a  reexamination. 

EXPERIMENTAL  PROCEDURE 

The  polymers  studied  in  this  investigation  were  bisphenol-A  polycarbonate 
(PC),  amorphous  poly(ethylene  terephthalate)  (PET),  poly(vinyl  chloride) 
(PVC),  and  polystyrene  (PS).  The  samples  were  obtained  from  the  same  stock 
as  those  used  in  previous  small-angle  x-ray  scattering  studies14111  1M;  the  char¬ 
acteristics  of  the  materials  are  cited  in  the  previous  papers. 

The  specimens  were  prepared  for  transmission  electron  microscopy  using 
variations  of  the  procedures  employed  by  (leil  and  his  co-workers.  In  the  case 
of  PC,  1.1  g  of  PC  was  dissolved  in  40  ml  of  cyclohexanone.  A  clean  glass  slide 
was  dipped  into  the  solution.  The  slide  was  removed,  and  the  solution  allowed 
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to  evaporate.  The  slide  was  dipped  into  distilled  water,  the  polymer  film  floated 
off,  and  a  portion  of  the  film  was  picked  up  on  a  copper  grid. 

In  the  case  of  PET,  1.05  g  of  PET  was  dissolved  in  40  ml  of  phenol.  A  car¬ 
bon-coated  grid  was  dipped  directly  into  the  solution,  and  the  solvent  was  allowed 
to  evaporate.  The  sample  used  for  the  bright-field-dark-field  pair  was  made 
then.  The  samples  used  in  the  through-focal  series  were  made  two  days  later. 
The  solution  was  first  centrifuged  to  remove  a  ha/.v  suspension,  and  the  clear 
liquid  decanted  off  and  used  in  making  the  sample. 

In  the  case  of  PVC,  602  g  of  PVC  was  added  to  60  ml  of  nitrobenzene  to  form 
a  saturated  solution.  For  PS,  1 .4  g  of  PS  was  dissolved  in  40  ml  of  methylethyl 
ketone.  In  each  case  the  grid  was  dipped  directly  into  the  solution,  and  the 
solvent  allowed  to  evaporate. 

In  those  cases  where  a  carbon  film  was  used  to  support  the  polymer,  the  carbon 
substrate  was  about  150  A  thick  and  the  polymer  was  always  at  least  four  times 
this  thickness.  In  all  cases,  the  grids  with  sample  attached  were  coated  with  a 
thin  carbon  layer  to  minimize  problems  of  sample  instability  in  the  electron 
beam. 

The  specimens  were  examined  in  a  Siemens  Elmiskop  101  electron  microscope 
operating  at  80  or  100  kV.  This  instrument  is  a  modern,  high-resolution  electron 
microscope  with  a  resolution  of  8.5  A  point-to-point.  The  specimens  were  viewed 
in  both  bright  field  and  dark  field.  The  dark-field  observations  were  accom¬ 
plished  using  the  second  diffuse  halo  centered  on  the  optics  axis.  An  objective 
aperture  of  25  /on  was  used.  The  sequence  of  images  was  usually  the  dark-field 
image  (requiring  an  exposure  time  of  about  80  sec)  followed  by  a  bright -field 
image  of  the  same  area  (exposure  time  about  4  sec).  It  was  determined  that  the 
reverse  sequence  ( bright  field  preceding  dark  field)  yielded  identical  results.  In 
all  cases,  the  micrographs  were  taken  using  the  full  resolution  of  the  instrument 
(with  magnificat  i  -ns  of  X 500,000  or  more  on  the  photographic  plates).  In  some 
cases,  through-focus  series  of  micrographs  were  taken  to  explore  the  effect  of 
focus  condition  on  the  apparent  structure. 


RESULTS 

Polycarbonate 

A  representative  bright -field  electron  micrograph  of  polycarbonate  is  shown 
to  the  left  in  Figure  1 .  It  is  seen  that  the  material  is  structureless  (featureless) 
down  to  the  limit  of  resolution  of  (he  electron  microscope.  Only  the  “pepper 
and  salt"  structure  characteristic  of  electron  micrographs  taken  at  high  resolution 
is  seen.  The  "pepper  and  salt"  structure  observed  is  a  result  of  the  use  of  a  finite 
objective  aperture  to  limit  the  amount  of  information  (in  the  form  of  transmitted 
or  scattered  electrons)  exiting  the  object  that  is  used  to  construct  the  image. 
That  is  to  say,  the  original  object  convoluted  with  the  transform  of  the  circular 
objective  aperture  (an  Airy  disk)  yields  the  form  of  the  image. 11,11  If  the  object 
is  considered  to  be  an  array  of  atoms  or  molecules,  then  the  convolution  of  the 
object  with  an  Airy  disk  (the  aperture  transform)  will  yield  a  blurred  image  of 
the  array  observed  as  the  "pepper  and  salt"  structure. 

The  corresponding  dark-field  image  of  the  same  area  is  shown  to  the  right  in 
Figure  I .  Again,  no  evidence  of  any  nodular  features  is  seen;  and  the  combination 
of  the  bright  -  field  and  dark-field  micrographs  provides  strong  evidence  for  a 
highly  homogeneous  structure. 


KI.KCTRON  MICROSCOPY  OK  CLASSY  POLYMKKS 


200!* 


10  OA 

i - 1 

Kid  J  *  ‘‘•rrr'-i)i>iiihnx  held  i  It  ln  .ind  dark  tu-ld  >  n^lu  m-Io  iron  mu  T(i;:r.i|il)-  ol  |»< »1> <  .ir 


Poly  (ethylene  Terephthalate) 

A  representative  bright  Held  electron  micrograph  is  shown  to  the  left  in  Figure 
: 1 :  the  corresponding  dark  field  micrograph  of  the  same  area  is  shown  to  the  right 
in  Figure  2.  Again  the  material  is  seen  to  lie  featureless  down  to  the  limit  o! 
resolution  of  the  electron  microscope. 

Since  PKT  was  the  first  polymer  tor  which  distinct  nodular  structures  in  the 
glassy  state  were  reported,  and  since  the  nodules  in  this  material  appear  with 
greater  clarity  than  those  in  other  polymers,  it  was  decided  to  subject  I’KT  to 
even  closer  scrutiny.  Several  through  locus  series  ot  micrographs  were  taken, 
a  representative  set  of  which  is  shown  in  Figure  a.  This  series  shows  the  absence 
of  perceivable  structure  in  the  in  focus  micrograph,  and  illustrates  how  apparent 
st  ructure  can  be  developed  in  the  micrographs  by  going  to  either  an  underfocus 
or  an  overfocus  condit ion.  I  'sing  t  he  arguments  above.  1  he  change  in  the  scale 
of  the  salt  and  pepper  noted  with  change  in  locus  can  be  considered  as  an  addi¬ 
tional  defocus  convolution  with  t he  original  object . 

Poly(vinyl  Chloride)  and  Polystyrene 

Representative  bright  -  field  and  dark  field  electron  micrographs  of  the  same 
area  of  the  polytvinyl  chloride!  sample  and  polystyrene  sample  are  shown  in 
Figures  I  and  a.  respectively.  It  is  seen  that  these  polymers  are  also  featureless 
down  to  the  resolution  of  the  electron  microscope.  No  evidence  is  found  for 
nodule-type  heterogeneities;  only  (he  “pepper  and  salt  "structure  is  noted. 

For  all  four  polymers,  occasional  discrete  heterogeneities  were  seen.  These 
heterogeneities  are  usually  crystalline  in  nature,  and  are  present  in  small  volume 
fractions  (typically  less  than  I"..).  The  origin  and  characteristics  of  these  het 
erogeneil  ies  was  not  examined  in  detail. 
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DISCUSSION 

The  results  of  the  present  investigation  of  four  glassy  polymers,  carried  out 
using  a  modern  high-resolution  electron  microscope,  indicate  the  absence  of  any 
observable  heterogeneities  present  in  sizable  volume  fractions  in  any  of  the 
polymers.  When  viewed  in  either  bright  field  or  dark  field,  each  of  the  polymers 
appears  featureless  down  to  the  limit  of  resolution  of  the  electron  microscope. 
When  viewed  at  very  high  magnifications,  only  the  pepper  and  salt  features  on 
a  scale  ca.  f>  A  are  seen  as  characteristic  of  the  polymer.  Such  pepper  and  salt 
features  are  seen  in  all  materials,  even  single  crystals  and  oxide  glasses,  when 
observations  are  carried  out  near  the  resolution  limit  of  the  electron  micro¬ 
scope. 

These  results  indicate  that  the  microstructure  of  all  four  polymers  PC,  PET. 
I'VC.  and  PS  is  featureless  down  to  a  scale  below  10  A.  Similar  featureless 
microstructures  have  previously  been  observed  for  single-component  oxide 
glasses  such  as  fused  silica1’1;  it  is  suggested  that  these  glassy  polymers,  like  the 
oxide  glasses,  should  be  regarded  as  random  arrays  in  which  no  unit  of  structure 
is  repeated  at  regular  intervals  in  three  dimensions. 

The  through-focus  series  of  electron  micrographs,  an  example  of  which  is 
shown  in  Figure  H.  indicate  the  absence  of  structural  features  when  in  focus  and 
the  development  of  such  features  when  out  of  focus.  That  is.  the  samples  are 
feat  tireless  down  toabout  the  resolution  limit  of  the  electron  microscope  when 
in  focus;  but  out-of-focus  conditions  can  lead  to  the  pepper  and  salt  being  seen 
as  apparent  structure  on  a  scale  notably  greater  than  the  resolution  limit.  When 
taking  micrographs  at  high  magnifications,  particularly  under  dark-field  con¬ 
ditions,  it  is  difficult  to  achieve  exact  focus  conditions,  and  correspondingly  easy 
to  observe  apparent  structure  on  a  fine  scale  as  a  result  of  instrumental  arti¬ 
facts. 
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The  results  of  the  present  electron  microscope  study  are  therefore  in  accord 
with  the  findings  of  other  investigations  of  glassy  polymers,  such  as  the  light 
scattering,  small-angle  x-ray  scattering  and  small-angle  neutron  scattering  work 
discussed  in  the  Introduction.  It  remains  only  to  consider  the  wide-angle  x-ray 
diffraction  studies  which  have  been  taken  as  providing  direct  structural  evidence 
for  regions  of  local  order  in  glassy  polymers. 

In  assessing  the  results  of  the  x-ray  diffraction  studies,  it  should  first  be  noted 
that  the  ability  to  obtain  critical  insight  into  the  structure  of  amorphous  materials 
depends  on  the  reliability  of  the  scattering  data  at  intermediate-to-large  values 
of  sin  i)/\.  Here  0  is  the  scattering  angle  and  \  is  the  wavelength  of  the  radiation 
used.  Unfortunately,  for  materials  composed  of  elements  of  small  atomic 
number  such  as  polymers,  the  Compton  modified  intensity  which  contains  no 
st  natural  information  often  comprises  the  bulk  (perhaps  as  much  as  90%)  of  the 
measured  intensity  at  large  values  of  sin  This  large  modified  scattering 

must  be  separated  from  the  coherently  diffracted  intensity  by  a  theoretical 
correction  which  introduces  considerable  uncertainty  into  the  precise  form  of 
l  he  data. 

A  second  problem  is  introduced  by  the  use  of  the  “proportionality  of  scattering 
factors"  approximation,  which  is  used  to  effect  a  Fourier  inversion  and  obtain 
t  he  radial  distribut ion  function  from  diffraction  data.  The  approximation  as¬ 
sumes  that  the  sin  Pt/X)  dependence  of  the  scattering  factors  for  all  atoms  in  the 
glass  is  the  same.  Unfortunately,  this  is  a  poor  assumption  for  many  glassy 
polymers  (e.g..  PC),  and  introduces  an  error  of  unspecified  form  in  the  re¬ 
sults. 
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Thy  studies  cited  above  as  providing  evidence  for  local  order  in  glassy  polymers 
encountered  both  of  these  problems;  and  these  problems  limit  substantially  the 
confidence  which  can  be  placed  in  the  conclusions.  More  recent  x-ray  diffraction 
studies  of  glassy  polymers-"  have  suggested  t hat  little  intermolecular  ordering 
occurs.  The  recent  studies  have  generally  employed  improved  experimental 
techniques,  but  still  have  analyzed  the  data  in  terms  of  radial  distribution 
functions  (and  hence  still  have  used  the  proportionality  of  scattering  factors 
approximation). 

The  large  Compton  scattering  component  at  high  sin  (tf/A)  can  experimentally 
he  reduced  or  eliminated  by  the  use  of  double-crystal  monochromators  or  fluo¬ 
rescence  detectors;  the  proportionality  of  scattering  factors  approximation  can 
he  eliminated  by  avoiding  the  Fourier  inversion  and  describing  the  structure  in 
terms  of  pair  correlation  functions.  These  techniques  are  discussed  at  length 
in  ref.  21.  To  date,  such  techniques  do  not  appear  to  have  been  applied  in 
published  studies  of  amorphous  polymers,  however,  a  recently  completed  in¬ 
vestigation  of  polycarbonate  which  does  utilize  these  techniques--’  indicates  that 
the  frequently  occurring  distances  in  this  polymer  can  be  described  as  intrachain 
distances. 

The  results  of  the  present  electron  microscope  study  are  then  in  accord  with 
wide-angle  x-ray  diffraction  data  as  well  as  the  results  of  the  other  studies  dis¬ 
cussed  above.  The  present  findings  are,  however,  at  variance  with  those  of  the 
electron  microscope  studies  discussed  in  the  Introduction.  Through- focus  series 
of  micrographs  such  as  t  hat  shown  for  PKT  in  Figure suggest  that  the  fine-scale 
(<20  A)  apparent  structure  seen  in  some  previous  investigations  may  simply 
reflect  the  use  of  elect  ron  microscopes  of  insufficient  resolution,  or  may  result 
from  the  lack  of  proper  focus  in  taking  the  micrographs.  Neither  of  these 
possibilities  can  be  confirmed  at  present,  nor  can  alternative  explanations  based 
on  other  effects  such  as  radiation  damage  from  the  electron  beam  or  the  possi¬ 
bility  that  the  observed  nodules  represent  surface  features  of  the  polvmers. 
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It  seems  clear  from  the  present  work  that  the  nodular  structures  should  not 
be  taken  as  representative  of  the  microstructures  seen  in  electron  microscope 
examination  of  glassy  polymers.  It  also  seems  clear  that  random  array  models, 
such  as  the  random  coil  model,  are  generally  in  accord  with  the  electron  micro¬ 
scope  results  as  well  as  with  the  results  of  a  variety  of  other  structural  investi¬ 
gations  and  determinations  of  properties. 

CONCLUSIONS 

The  microstructures  of  four  glassy  polymers — polycarbonate,  poly(ethylene 
terephthalate),  polyl vinyl  chloride),  and  polystyrene — have  been  examined  using 
high-resolution  electron  microscopy.  In  all  cases,  the  microstructures  are  gen¬ 
erally  featureless  down  to  the  limit  of  resolution  of  the  electron  microscope.  Only 
the  pepper  and  salt  features  characteristic  of  microscope  operation  near  the 
resolution  limit  are  seen.  Both  bright-field  and  dark-field  electron  microscopy 
indicate  featureless  microstructures,  with  occasional  evidence  for  discrete  het¬ 
erogeneities  present  in  very  small  volume  fractions. 

The  present  results  are  in  accord  with  data  obtained  from  light  scattering, 
small-angle  x-ray  scattering,  and  small-angle  neutron  scattering  in  suggesting 
that  the  structures  of  glassy  polymers  be  represented  as  random  arrays.  The 
results  are  at  variance  with  observations  of  previous  electron  microscope  studies 
which  indicated  the  presence  of  nodular  features.  It  has  been  shown  here  that 
features  like  the  fine-scale  nodules  can  be  produced  by  out-of-focus  conditions 
on  electron  micrographs,  conditions  which  often  obtain  in  taking  micrographs 
at  high  magnifications. 
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